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Preface

Nearly one-third of the United States is covered by forests, accounting for more than one million
square miles, an area exceeded only in Canada, Brazil, and Russia. These forest ecosystems play vital roles
in carbon storage, nutrient cycling, and air and water purification, as well as in supplying habitat for wild-
life. Forests hold historical, cultural, and social significance for Americans and are sources of both food
and fiber. Today, these valued resources are endangered as never before. Global commerce has hastened
the introduction of nonnative, invasive tree pests and diseases, and those native to the country are becoming
more virulent due to external drivers such as climate change. The loss of a tree species can have cascading
adverse effects on the forest ecosystem and on the range of services it provides and the values it represents
to human populations.

Against this backdrop, a consortium of federal agencies asked the National Academies of Science,
Engineering, and Medicine to consider the potential for the use of biotechnology to mitigate these threats
to the health of the nation’s forests. Accordingly, our committee took up the tasks of assessing the ecolog-
ical, economic, and social implications of deployment of a genctically modified tree and of identifying the
knowledge needed to evaluate the ways such a tree might affect the prospects for forest health. The circum-
stances of introduction of a long-lived biotech tree into a forest ecosystem would be novel compared with
the use of the technology in industrial plantations or, indeed, in annual agricultural crops. The release of a
tree developed to be resistant to a pest or disease would be intended to promote its survival and proliferation
in a natural forest setting.

The committee’s members represent an unusually wide range of disciplines, from genetics to ecology
and from the law to social science and philosophy. The group embraced the holistic view set out 1n its
charge and probed the biophysical and the cultural and social impacts that might arise from the introduction
of a biotech tree. Contemplating the rapidly evolving science and emerging public views relevant to the use
of biotechnology in forest trees, the committee found itself surveying a frontier of possibilities for different
kinds of trees and ecosystems. The release of a biotech tree has no direct precedent, and so the committee
listened to a range of voices in the scientific community and in civil society as they speculated on the likely
implications of an introduction. Unease about the advisability of the use of biotechnology in the environ-
ment will continue to be a factor in public dialogue as biotech trees are considered further. As might be
imagined, the committee’s discussions have been lively as we have tried to accommodate a diversity of
perspectives, anticipate key information needs, and chart the way forward for researchers, government sci-
entific and regulatory officials, and society at large.

None of the work the committee has done would have been possible without the stalwart support of
Kara Laney, study director, and Jenna Briscoe, research assistant, of the Board on Agriculture and Natural
Resources. Kara has been a gracious and steadying presence as we have tried to meld our disparate thoughts
into a cohesive narrative. In our meetings, Jenna was a wizard when it came to listening to our fragmented
discussion and transforming it instantly into text that we could see and use to move deliberations forward.
All of the members of our committee have invested significant time and energy in meeting the challenge of
our task, and I am grateful for their dedication. I have learned much from their expertise and their wisdom,
and I am the better for it. Finally, thanks go to those who reviewed our draft report and provided comments
and advice that have made 1t a better product for our sponsors and for the public concerned with the future
of America’s forests.

Susan E. Offutt, Chair
Committee on the Potential for Biotechnology
to Address Forest Health
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Summary

Between the 18th century and the first half of the 20th century, forest ecosystems in eastern North
America lost an iconic tree species, the American chestnut, to two introduced pathogens. The loss of the
chestnut (an estimated 4 billion trees) to chestnut blight and root rot caused adverse effects on other species
and disrupted livelihoods dependent on chestnut products. During the same time period, white pine blister
rust decimated white pines in the western United States. In the early 21st century, most eastern North Amer-
ican species of ash began succumbing to an insect pest introduced from Asia, the emerald ash borer. Losses
in the form of timber value and removal of urban trees made the borer a costly forest pest. Some species of
native bark beetles have killed billions of trees since 1990 in the West. These are just a few of the North
American tree species that have been functionally lost or are in jeopardy of extirpation due to insect pest
and pathogen outbreaks. The Forest Service of the U.S. Department of Agriculture (USDA) estimates that
32.9 million hectares (81.3 million acres)—that is, almost 7 percent of all forested’ or treed” land in the
United States—are at risk of losing at least 25 percent of tree vegetation between 2013 and 2027 due to
insects and diseases (see Figure S-1).

Outbreaks of native pests are common disturbances in forests and can be integral to renewing forest
ecosystems and maintaining biodiversity. However, ecosystems can be seriously disrupted when a
nonnative, invasive pest’ is introduced or when native pests increase their geographic range or become
more virulent because of external drivers such as climate change. Massive, synchronous die-offs threaten
the survival of tree species and negatively affect ecosystem services, such as water filtration, soil erosion
prevention, carbon sequestration, livelihoods, and social values.

Eftects of pest outbreaks could be mitigated through preventing arrival of invasive species, site man-
agement practices, biological control agents, the use of genetic resistance naturally present in target species,
or biotechnological modifications to confer resistance in the target species. As 0of 2018, American chestnut
and hybrid poplars were the only two tree species on which biotechnology had been used for forest health
purposes in the United States, and these trees were still in field trials. Given the threats to North American
forests, USDA,* the U.S. Environmental Protection Agency (EPA), and the U.S. Endowment for Forestry
and Communities asked the National Academies of Sciences, Engineering, and Medicine to convene a
committee of experts to investigate a number of questions related to the potential for biotechnology to be
used in trees to address forest health (see Box S-1). The committee was not asked to examine the potential
for biotechnology to reduce threats to forest health by altering the pests affecting North American tree
species.

"Forested land contains at least 10 percent tree canopy cover.

*Treed land is an area with measurable tree presence, including urban areas and land in the Great Plains with trees
that does not meet the definition of forested land.

3The general term pest includes both insects and pathogens that cause damage to forests.

*The specific sponsoring agencies within USDA were the Agricultural Research Service, Animal and Plant Health
Inspection Service, U.S. Forest Service, and National Institute of Food and Agriculture.
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Forest Health and Biotechnology: Possibilities and Considerations

BOX S-1 Statement of Task

An ad hoc committee will examine the potential use of biotechnology for mitigating threats to forest
tree health; identify the ecological, economic, and social implications of deploying biotechnology in for-
ests; and develop a research agenda to address knowledge gaps about its application. The study will
focus on trees and consider at least two cases that consider the use of biotechnology to protect a tree
species from an insect and/or disease where negative consequences for forest health are anticipated.
It will be guided by the following questions:

1. What is the current state of the science regarding the potential for using genetic engineering
(GE) and similar technologies in trees to improve forest health?

2. What are the potential ecological and economic impacts of deploying trees protected from pests
and pathogens using biotechnology?

3. What other unique challenges and opportunities are posed by the development of a GE product
for a noncommercial, public good such as forest health?

4. What research is needed to fill knowledge gaps about developing and using GE as a tool to
protect forest health?

5. In what ways does the current regulatory system include forest health in evaluating the ecolog-
ical and environmental risks of deploying trees developed with GE, and how does this compare
with regulatory evaluation of impacts for other methods used to address forest health threats
such as non-GE trees or other biological control or pesticide approaches?

6. What information or analysis is needed to inform a risk framework that provides assurances for
minimizing the risks of using GE while increasing benefits to forest health; for example, what
characteristics of forest health are central to a risk framework? How can adaptive management
be used to enable realistic testing and assessment of biotechnology approaches for mitigating
threats to forest health?

7. What does existing research reveal about public views on the use of biotechnology to improve
forest health?

The committee will prepare a report that addresses the questions above and explains the basis for its
conclusions and recommendations.

THE COMMITTEE’S PROCESS

Members of the Committee on the Potential for Biotechnology to Address Forest Health were ap-
pointed by the president of the National Academy of Sciences for their expertise in a variety of disciplines
pertinent to the study’s task. To help it address that task, the committee held information-gathering meetings
between December 2017 and April 2018. It heard from 43 speakers during three in-person meetings and 10
webinars. The committee also reviewed the scientific literature and welcomed comments by members of
the public. The committee used this information-gathering process to define forest health and to shape its
report (see Box S-2). The conclusions and recommendations included in the summary are based on the
main body of the commiittee’s report.

THREATS TO FOREST HEALTH FROM INSECT PESTS AND PATHOGENS

Since the 1600s, around 450 species of insects and at least 16 species of pathogens have been intro-
duced and become established in continental U.S. forests. Of those, 62 insects and all of the pathogens have
been classified as high-impact species, causing some combination of tree mortality, canopy thinning,
growth loss, defoliation, and decreased reproduction or regeneration. Some of these introductions have had
devastating consequences in North American forests; impacts have ranged from temporary declines in pop-
ulation productivity to the functional extirpation of an entire species, as was the case with the American
chestnut.

2 Prepublication Copy
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Summary

BOX S8-2 Forest Health and Ecosystem Services
The committee defined forest health as:

A condition that sustains the structure, composition, processes, function, productivity, and resili-
ence of forest ecosystems over time and space. An assessment of this condition is based on the cur-
rent state of knowledge and can be influenced by human needs, cultural values, and land management
objectives.

A healthy forest—that is, one that sustains the components of an ecosystem over time and space—
is more likely to sustain ecosystem services of value to individuals and society. Ecosystem services
are the goods and services that are of value to people, provided wholly or in part by ecosystems. They
include ecological processes such as soil formation and retention, water filtration, and climate regula-
tion as well as cultural services such as cultural heritage or identity and aesthetic values. Alongside
the services they provide to humans, forest ecosystems may also be thought to have intrinsic value:
value for their own sake.

With warmer climate, many native and nonnative insects are colonizing regions that previously had
been unsuitable. Forecasts of future climate indicate likely changes in pathogen overwintering survival,
changes in host susceptibility to pathogen attack due to other stressors (¢.g., drought or storm damage), or
changes of life cycles of insects that disperse pathogens. Changes in climate are also predicted to increase
the frequency and magnitude of pest outbreaks in the future.

The effects of pests on individual trees have cascading impacts on populations, reducing reproduction
and survival. Local extirpation of the tree species and extinction of species dependent on it may result. For
example, five moth species went extinct with the loss of the American chestnut. Such species-specific ef-
fects can change community assemblage and structure, and thus, ecosystem function.

Conclusion: Healthy forests provide valuable ecosystem services to humans.

Conclusion: The health of North American forests is threatened by the introduction and spread of
nonnative insects and pathogens and the epidemics of native pests exacerbated by environmental
stress due to climate change.

Conclusion: Tree species in forest ecosystems, tree plantations, and urban landscapes across North
America are threatened by insect pests and pathogens.

Conclusion: Many forest tree species are threatened by more than one insect pest or pathogen.

Conclusion: As the frequency of insect and pathogen outbreaks increases, many forest tree species
are in jeopardy of being lost from the landscape, resulting in changes to ecosystem services.

MITIGATING THREATS TO FOREST HEALTH

There are multiple options for dealing with forest pests, but feasibility and success vary widely. For
nonnative insects and pathogens, the first line of defense is preventing their introduction. When introduced
pests have become established or native pests are expanding their range or increasing in virulence, chemical
or biological control can suppress pest populations in some cases, but these approaches are often not ac-
ceptable to the public, effective, or timely. Other management practices such as quarantines or thinning tree
stands may help minimize a pest outbreak but are most likely insufficient.
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Summary

Trees genetically resistant to a pest have the ability to minimize or overcome the damaging effects of
a pest. Genetic resistance can be accomplished through selective breeding or biotechnology. The first step
in selective breeding is to determine whether genetic resistance exists within the affected species popula-
tion. Finding suitable parent trees can be difficult, and even with resistant parent trees, not all of the progeny
will be resistant. Evaluating the durability of resistance will also be paramount because trees will be on the
landscape for decades. Resistant progeny will need to be propagated in greenhouses or seed orchards to
create sufficient resistant genotypes for restoration and reforestation.

To use biotechnology to confer resistance, the first step is to identify genes for modification, intro-
duction, or silencing. If a gene is not already in hand, then a gene discovery process is required. This step
has been hindered due to trees’ large size, long generation time, and (in the case of conifers) immense
genomes. Another problem is that forest trees have high levels of heterozygosity due to their large popula-
tion sizes and outcrossing breeding systems, which complicates genome assembly and modification.

The second step is production of trees containing the desired gene sequence. Biotechnology tools such
as transgenesis and genome editing, used to introduce a desired change to gene sequence, are followed by
tissue culture protocols, in which the desired gene can be introduced into a single cell. Then whole plants
are generated from the transformed cell by regeneration of roots and shoots from disorganized callus tissue.
However, many species of trees remain recalcitrant to cell culture and regeneration. Even when possible,
the regeneration of a plant from a single cell may not produce an individual that has the desired genetic
change in every cell.

Thus, using biotechnology to introduce traits to address forest health has its challenges. Nonetheless,
biotechnological research to introduce or modify traits in trees has been explored in a number of tree species
since the late 1980s. For a forest health threat, the most advanced research has been conducted on the
American chestnut. A wheat gene encoding the enzyme oxalate oxidase (OxO) has been inserted into the
chestnut genome using transgenesis. Oxalic acid generated by the chestnut blight weakens cell walls, ena-
bling other fungal enzymes to degrade the wall and cell membranes, killing the cell. Widespread cell death
eventually girdles the tree. The OxO enzyme expressed in transgenic chestnut converts oxalic acid to carbon
dioxide and hydrogen peroxide, thereby conferring on the tree genetic resistance to the blight.

Conclusion: Substantial literature supports the need for sustained investment in prevention and
eradication as the most cost-effective and lowest impact approaches for managing introduction of
nonnative insect pests and pathogens.

Recommendation: Investment in effective prevention and eradication approaches should be the first
line of defense against nonnative species in efforts to maintain forest health.

Conclusion: Any single management practice alone is not likely to be effective at combatting major
pest outbreaks.

Recommendation: Management for forest health should make use of multiple practices in combina-
tion to combat threats to forest health.

Conclusion: A variety of biotech and nonbiotech approaches have been and will be developed to ad-
dress insect pest and pathogen threats. The time line for use of these tools in management activities
for forest trees and forest health will depend on a number of factors, but the biology of the species
involved (both tree and insect or pathogen) and the environments in which the tree species exist will
have a major influence on effective mitigation.

Conclusion: Many tree species have some degree of resistance to particular native and nonnative
pests that may be harnessed to combat infestations and epidemics.
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Forest Health and Biotechnology: Possibilities and Considerations

Recommendation: Entities concerned about forest health should devote resources to identifying re-
sistant trees within a population that have survived a pest outbreak. Research to understand the role
of resistance in coevolved systems from the perspective of a global host—pest system, where the
nonnative pathogen or insect originate, would help guide efforts in North America.

Conclusion: Using biotechnology to introduce resistance to threats in forest trees has been hampered
by the complexity of tree genomes, the genetic diversity in tree populations, and the lack of knowledge
about genetic mechanisms that underlie important traits. However, recent technological develop-
ments have improved functional genomic tools, facilitating the potential for biotechnology to help
address forest health problems.

Recommendation: More research should be conducted on the fundamental mechanisms involved in
trees’ resistance to pests and adaptation to diverse environments, including a changing climate.

Conclusion: The time it takes to identify resistance in an affected population, breed resistant seed-
fings, and plant resistant seedlings in the field can vary from a few years to multiple decades, depend-
ing on the species. Incorporating resistance via biotechnology inte a tree species is also a lengthy
process, the duration of which varies by species.

Recommendation: Sufficient investment of time and resources should be made to successfully identify
or introduce resistance into tree species threatened by insects and pathogens.

CONSIDERATIONS RELATED TO THE USE OF BIOTECHNOLOGY IN FOREST TREES

Any intervention to address forest health involves consideration of associated ecological, economic,
social, and ethical issues. Some of these considerations are unique to biotechnology, but others are appli-
cable to any intervention.

Several ecological considerations arise in evaluating the use of biotechnology to maintain or improve
forest health. They include whether there will be potential gene flow from the biotech tree to relatives and,
if so, whether there will be an effect on other species in the environment. Additionally, interspecies gene
flow, via horizontal gene transfer or hybridization, could also occur. Genetic fitness of modified trees will
be critical because the intent of biotech trees is to recover species over large temporal and spatial scales.
Furthermore, even if a biotech tree is genetically fit and able to convert its resistance to subsequent gener-
ations, it will not become established in a forest if it is not competitive in the ecosystem.

Genetic variation in trees also needs to be considered in restoration efforts so that modified trees are
suited for the environment in which they are planted. An important difference in forest trees versus agri-
cultural uses of biotechnology is that a focus on recovering forest species requires incorporating the specific
genetic change while retaining the breadth of genetic diversity in forest populations. This diversity permits
the species to continue to evolve under changing abiotic and biotic conditions. In particular, understanding
the patterns of radiation out of the glacial refugia (i.e., geographic regions where flora and fauna survived
during the ice ages and later recolonized postglacial habitats) and how that has shaped the standing genetic
variation in response to past climates is important when choosing genetic backgrounds against which to
deploy biotechnological solutions to climate or pest mitigation.

Trees, once planted and maturing, can provide both public and private benefits. Public benefits are
those that cannot be exclusively captured by an individual or a firm but are shared across many people and
communities. The costs of development of a biotech tree will be incurred up front and the benefits will
follow years later. Such a difference in the timing makes investment with a long time horizon problematic.
Compared to the private sector, the public sector can have greater patience when significant public benefits
are forthcoming. The economic argument for a public-sector role also arises out of the likelihood that the
private sector will not invest in the protection of forest health because it cannot fully capture the benefits
that may accrue.
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Public opinion research suggests that people generally have positive attitudes about the use of bio-
technology in forests, although they often prefer nonbiotech interventions if given the choice. In addition,
some biotechnological interventions (e.g., cisgenic or within-species interventions) are sometimes preferred
by the public over others (e.g., transgenic or between-species interventions). However, many people lack
detailed knowledge of these interventions, such as the processes used in any intervention. As various pub-
lics increase their familiarity with this topic, attitudes, norms, and perceptions of risks and benefits may
change. Societal responses are highly dynamic, contextual, and varied in their intensity.

Developing biotechnology for use in trees and forests raises a range of social and ethical considera-
tions. Some directly relate to the provisioning of ecosystem services, including the perceived benefits to
people and the environment, but others include intrinsic value, wildness, broad social influences, and social
justice concerns.

Biotechnology intended to influence and alter the forest could be interpreted as a form of human
control of a forest ecosystem. Transgenic or genome-edited trees, planted and possibly managed and mon-
itored by humans, could be understood to reduce wildness. The use of biotechnology is also a human inter-
vention in the “natural” evolutionary trajectory of the forest. Although the use of biotechnology may pro-
mote forest health, it may be perceived as diminishing the forest’s wildness. On the other hand, threats to
forests that biotechnology may counter are predominantly of human origin (e.g., invasive pests transported
by people and native pests extending their range because of human influences on climate). Given that these
changes are also signs of human influence, forest wildness may a/ready be seen as reduced. Doing nothing
to counter such threats may result in the loss of populations or entire species, with significant effects on
forest ecosystems that also mean a loss of wildness. Other practices that might address forest health, such
as sclective breeding, pose similar threats to wildness because they involve the selection of genotypes, the
decision to plant trees, and continued monitoring of the trees.

Conclusion: Trees with resistance introduced via biotechnology will have to survive until maturity
and reproduce in order to pass resistant traits on to the next generation.

Recommendation: Research should address whether resistance imparted to tree species through a
genetic change will be sufficient to persist in trees that are expected to live for decades to centuries as
progenitors of future generations.

Conclusion: The importance of managing and conserving standing genetic variation to sustain the
health of forests cannot be overstated.

Recommendation: The deployment of any biotechnological solution with the goal of preserving forest
health should be preceded by developing a reasonable understanding in the target species of (a)
rangewide patterns of distribution of standing genetic variation including in the putative glacial re-
fugia, if known; (b) magnitude of local adaptation (gene X environment relationships); and (c) identi-
fication of spatial regions that are vulnerable to genetic offset.

Conclusion: The public sector will be best positioned to lead development of biotech trees because of
the public-good aspect of forest health and the intention for the spread of a biotech tree through a

forest ecosystem.

Conclusion: The relatively long time required for the development of a biotech tree may adversely
affect the incentive for both private- and public-sector investment.

Conclusion: Few studies of public attitudes toward biotechnology to address forest health threats
have vet been carried out in the United States. However, there has been a small handful of studies on
the topic, especially in Canada and Europe. The limited data indicate that while some individuals
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and groups are very concerned about possible deployment of biotechnology in forests, attitudes to-
ward the uses of biotechnology examined in these studies are somewhat positive, especially where
threats to forests are severe.

Conclusion: Existing research indicates that public knowledge and understanding about the use of
biotechnology in forests is low, suggesting that current attitudes may be unstable and liable to change
with more information. The power of such information to influence attitudes is mediated by the per-
ceived trust of the sources of information, deliberation about the topic, as well as the alignment of
new information with deep value orientations.

Conclusion: Some important ethical questions raised by deploying bictechnology in noncommercial
forests fall outside any evaluation of changes in ecosystem services.

Recommendation: More studies of societal responses to the use of biotechnology to address forest
health threats in the United States are needed. Such studies might investigate (1) the responses of
different social and cultural groups to the deployment of biotechnology in forests, (2) the stability
and consistency of attitudes toward different applications of biotechnology in a range of circum-
stances, (3) differences in attitudes toward biotechnology strategies (e.g., cisgenesis, transgenesis, ge-
nome editing), (4) the relationship between deeper value orientations and attitudes toward biotech-
nology, and (5) how people consider trade-offs between values such as wildness and species
protection.

Conclusion: The use of biotechnology for forest health, especially in noncommercial forests, raises
broad questions about the social impacts of technological change on society, in particular how con-
servation is understood and practiced, and how far biotechnological interventions presage a change
to more interventionist management of forests.

Conclusion: The use of biotechnology for forest health raises social justice questions, both in terms
of the distribution of risks, harms, and benefits across individuals and groups through time and in
terms of the procedures used to make decisions about whether, when, and where to deploy the tech-
nology. Indigenous communities may be particularly affected by these decisions. Given the longevity
of trees, the use of biotechnology for forest health (or the decision not to use it) will have significant
impacts on future generations.

Recommendation: Respectful, deliberative, transparent, and inclusive processes of engaging with
people should be developed and deployed, both to increase understanding of forest health threats and
to uncover complex public responses to any potential interventions, including those involving bio-
technology. These processes, which may include surveys, focus groups, town hall meetings, science
cafés, and other methods, should contribute to decision making that respects diverse sources of
knowledge, values, and perspectives.

INTEGRATED IMPACT ASSESSMENT FRAMEWORK

When assessing the impact of a pest threat on forest health, evaluating the effect of that threat on forest
processes and cultural and spiritual values provides the basis for assessing how the provision of ecosystem
services may change. The risk of loss of ecosystem services over part, or all, of a species’ range is weighed
against the potential to recover ecosystem services with and without the biotech intervention. Such a frame-
work could be used to evaluate any forest health intervention, including the use of selectively bred trees.

When considering impact assessment for the use of biotechnology in forests, links between specific
forest protections and their effects on important ecosystem services should be made explicit. Existing EPA
guidance on classification and measurement of ecosystem services provides a useful frame that can be

8 Prepublication Copy

ED_002771_00120075-00022



Summary

modified to address the range of services provided by introduction of pest-resistant trees. The advantage of
bringing ecosystem services into impact assessment is that it makes possible the inclusion of a broader
range of values and the connection between the protection of forests and human well-being clear for the
public, stakeholders, and policy makers.

At the time the committee was writing its report, few biotech trees developed to address forest health
had been planted in field conditions; those that had were still in field trials. Because of the length of time
until tree reproductive maturity and long life span of most trees, collecting data for an impact assessment
may take years to compile. To help address this issue, data from field trials can be combined with data
derived from other types of biotech plant releases to parameterize simulation models to inform impact as-
sessment. Modeling approaches can include gene flow and climatic tolerances. Surveys and stakeholder
engagement will help to identify human values and concerns associated with specific products of biotech-
nology. Synthesis of all available information will aid in making informed predictions of potential risks.
Modeling scenarios that include sources of uncertainty will allow quantification of the reliability of the
assessments, estimation of the predictive capacity of the model, and identification of data needs.

Coupling adaptive management with impact assessment would allow adjustments to be made to deci-
sions about the development and deployment of biotech trees for forest health as data are collected. How-
ever, the ability to make adjustments based on new knowledge is complicated by the U.S. regulatory system,
which generally does not permit the flowering of biotech trees. Without flowering, it is difficult to gather
data on gene flow and other parameters to inform an impact assessment framework. A hierarchical regula-
tory system that assigns biotech trees to different tiers of risk would be more amenable to adaptive man-
agement. If data on gene flow and impacts on ecosystem services were simultaneously collected, they could
be used to refine simulation models to obtain more precise prediction of potential outcomes. These analyses
could then be used to propose increasingly larger environmental releases until the trees are either discon-
tinued or deregulated by the relevant oversight agency. This stepwise approach may be the only practical
way to obtain data on gene flow and impacts at the spatial and temporal scales that are needed for proper
impact assessment for biotech trees.

Conclusion: An integrated impact assessment framework that combines ecological risk assessment
with consideration of ecosystem services would provide a way to evaluate impacts of introduction of
a biotech tree both on the forest functions and on the ecosystem services provided. Societal and cul-
tural values need to be incorporated into this approach.

Recommendation: Federal agencies should continue efforts to improve the incorporation of all com-
ponents of ecosystem services into the integrated impact assessment.

Conclusion: Field trials are an important tool to gather data on biotech trees in terms of gene flow,
the durability and effectiveness of resistance, seed generation and dispersal, genetic fitness, and some

impacts on the ecosystems into which the trees are planted.

Conclusion: Modeling efforts will be essential to address the large spatial and temporal scales and
stochastic nature of biotech tree impact assessment.

Recommendation: Modeling and other approaches should be developed to address questions about
biotech tree gene flow, dispersal, establishment, performance, and impact that are precluded where

flowering of field trial material is restricted.

Recommendation: Models for tree biotech impact assessments should identify, quantify, and account
for sources of uncertainty.

Conclusion: Iterative decision making is required, such that impact assessments are continually mod-

ified with improvements in knowledge gained through on-the-ground experience with biotech tree
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development, testing, and deployment because of the uncertainty associated with predictions of the
impacts of release of biotech trees into minimally managed or unmanaged environments.

Recommendation: An adaptive management approach to forest health should be used to ensure con-
tinued learning and address impacts to both the environment and society.

Recommendation: Impact assessment should be a continuous and iterative process.
U.S. REGULATORY SYSTEM AND FOREST HEALTH

Biotech trees developed to address forest health are regulated under the same statutes and regulations
as any biotech plant. The Coordinated Framework for the Regulation of Biotechnology, established in 1986,
specified that oversight of biotechnology products would be carried out using existing legislative statutes.
Under the framework, up to three federal agencies—USDA, EPA, and the U.S. Food and Drug Administra-
tion—are most likely to have a role in the regulatory oversight of a biotech tree developed to address forest
health.

The statutes utilized by these agencies do not consider most aspects of forest health in analyzing the
safety of a biotech plant. The different statutes grant each agency authority to regulate specific products,
not the process by which the products are produced. The application of the Coordinated Framework to
specific products means that biotech trees and plants may be regulated by zero, one, two, or three or more
agencies.

Forest health also 1s not considered in the regulation of nonbiotech products designed to address forest
health problems. The assessments or reviews conducted for these management options do not do a better
job of incorporating forest health and ecosystem services into their analysis than the assessments conducted
for biotech trees.

Conclusion: The current regulatory framework for biotech plants applies to biotech forest trees and
does not impose any additional or different requirements for trees than other plants.

Conclusion: The current regulatory framework that applies to biotech trees that are developed to
address forest health encapsulates very few elements of the committee’s comprehensive definition of
forest health.

Conclusion: If a regulatory agency is required to comply with the National Environmental Policy Act
(NEPA) when regulating a biotech tree, then some components of forest health will be analyzed.

Conclusion: USDA only carries out a NEPA analysis—environmental assessment and/or environ-
mental impact statement—for a small subset of biotech trees.

Conclusion: As is the case with other biotech plants, some biotech trees could become commercial
products without any oversight by the three regulatory agencies.

Conclusion: There are mechanisms in place to alert neighboring countries about biotech forest trees
that could enter their territory, but biotech trees could migrate across a national border without

notice if the biotech tree is not regulated in the country of origin.

Conclusion: Forest health also is not considered in the regulation of nonbiotech products designed to
address forest health problems, such as biological control agents, pesticides, and assisted migration.
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Conclusion: Some federal agencies have policies for the assisted migration of trees and/or the planting
of biotech trees on federal lands while private landowners can plant nonnative and biotech trees
without viclating any federal laws or policies.

Recommendation: Regulatory agencies should explore ways to incorporate into their regulatory
oversight responsibilities the ability to assess the impact on ecosystem services for both biotech and
nonbiotech products developed for improving forest health.

MOVING AHEAD

Biotechnology has the potential to help mitigate threats to North American forests from insect pests
and pathogens through the introduction of pest-resistant traits. However, it also presents some challenges.
The necessary genetic changes to achieve resistance are often not easy to identify and are challenging to
incorporate. Tree genomes are complex, and much remains to be learned about the genetic mechanisms that
underlic important traits. Additionally, unlike the modification of agricultural crops through biotechnol-
ogy—in which a genetic change is introduced to and propagated in an individual variety—genetic changes
in trees for forest health purposes need to be introduced into diverse breeding populations so that tree spe-
cies can respond to biotic and abiotic stress over time and across their spatial distributions.

Furthermore, the effectiveness of biotechnology at mitigating forest threats needs to be assessed on
many fronts. In addition to evaluating the utility of the resistance trait in protecting a tree species, the mod-
ified tree needs to be tested for viability in the diversity of environments in which it will live. An assessment
of the effects of the tree on other species in the environment is also important, as is a comparison of using
biotechnology to address the threat versus other mitigation tools.

Finally, research and investment efforts need to be made in areas besides biotechnology, including the
development of further strategies for preventing the introduction of nonnative insects and pathogens, human
capital development in professions related to tree breeding, and social science research, including a con-
ceptual framework for capturing and accounting for the intrinsic value of forests. Such work will benefit
the health of forests, regardless of the pest mitigation tools put to use.

Therefore, the committee’s preceding recommendations point toward research and investment on
three fronts that would (a) address knowledge gaps about the application of biotechnology to mitigate
threats to forest health and (b) improve the utility of biotechnology as a forest health tool:

1. Knowledge about tree genetics related to resistance, specifically investment in identifying resistant
trees in populations that have survived pest outbreak and research on the fundamental mechanisms
of resistance, existing genetic variation in tree populations, and the durability of resistance.

2. Data and tools for impact assessment, in particular investment in efforts to improve the incorpora-
tion of all ecosystem services into integrated impact assessments, to collect data to inform and
improve models, and to increase the use of adaptive management to address forest health threats.

3. Management approaches that take into account disciplines beyond biotechnology, including more
studies on societal responses to using biotechnology to address forest health, more investment in
prevention and eradication efforts of introduced pests, and better efforts at respectful, deliberative,
transparent, and inclusive processes of engaging with people to increase understanding of forest
health threats and to uncover complex public responses to potential interventions.

Additionally, the committee includes the following recommendations to support a holistic effort to
improve forest health with the help of biotechnology.

Recommendation: Public funders should support and expand breeding programs to encompass the
genetic diversity needed to preserve tree species essential to ecosystem services.
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Recommendation: Investment in human capital should be made in many professions, including tree
breeding, forest ecology, and rural sociology to guide the development and deployment of pest-re-
sistant trees.

Recommendation: Studies of societal responses to the use of biotechnology to address forest health
threats should be used to help in developing a complementary framework to ecosystem services that
takes into account intrinsic values, related spiritual and ethical concerns, and social justice issues

raised by the deployment of biotechnology in forests.

Recommendation: Developers, regulators, and fanders should experiment with analytical-delibera-
tive methods that engage stakeholders, communities, and publics.
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Between the 18th century and the first half of the 20th century, forest ecosystems in eastern North
America lost an iconic tree species, the American chestnut, to two introduced pathogens. The lower eleva-
tion southern portions of the American chestmt range experienced high mortality from root rot beginning
in the 18th century, while the chestnut blight arrived from Asia in the late 1800s and devastated chestnut
throughout its range into the 20th century. As a foundational species in the ecosystems it inhabited, the loss
of the American chestnut (an estimated 4 billion trees) to chestnut blight and root rot caused a cascade of
adverse effects on other species and disrupted livelihoods in communities that depended on chestnut prod-
ucts. During the same time period, white pine blister rust decimated many populations of white pines in the
western United States; one of the affected species, whitebark pine, has been proposed for listing under the
Endangered Species Act. In the early 21st century, most of the eastern North American species of ash began
succumbing to an introduced insect pest, the emerald ash borer. Losses in the form of timber value and
removal of urban trees made the borer a costly forest pest (Poland and McCullough, 2006; Kovacs et al.,
2010; Hauer and Peterson, 2017). In some of the largest insect outbreaks ever recorded, a few species of
native bark beetles have killed billions of spruce, fir, and pine trees since 1990 in the North American West.
The most common native tree in Hawai'i, the "Ohi‘a, has been severely affected by a fungal disease first
detected in 2015. These massive, synchronous die-offs threaten the survival of these tree species on the
landscape and negatively affect the ecosystem services provided by the living forests, such as water filtra-
tion, soil erosion prevention, carbon sequestration, livelihoods, and other social values.

These are just a few of the North American tree species that have been functionally lost or are in
jeopardy of being extirpated from the environment due to insect pest and pathogen outbreaks. Outbreaks of
native pests are common disturbances in forests, occurring across ecosystems and landscapes, and they
account for a large proportion of tree mortality in North American forests (Krist et al., 2014; Kautz et al.,
2017). These outbreaks can be integral to the functioning of forests and often renew ecosystems and con-
tribute to the creation of temporal and spatial heterogeneity, which are critical for the maintenance of high
levels of biodiversity (Perry, 1994; Barnes and Wagner, 2004).

However, ecosystems can be seriously disrupted when a nonnative, invasive pathogen or insect is
introduced or when native pathogens or insects increase their geographic range or become more virulent
because of external drivers such as climate change. Since 1860, North American forests have experienced
an increase in the frequency and magnitude of outbreaks (Boyd et al., 2013) due to an increase in global
trade and travel (Early et al., 2016) and the acceleration of climate change (Dukes et al., 2009). Of the more
than 60 introduced insect species known to be established and to cause damage in continental U.S. forests,
only two were detected before 1860 (Aukema et al., 2010). Of the 16 pathogens known to be introduced,
all adversely affect North American forests (Aukema et al., 2010).

The impacts of introduced forest pests' are being aggravated by climate change, which is expanding
environmental conditions favorable for insect pests and pathogens, both native and introduced. Warmer
winters, fewer days with extremely low temperatures, and longer warm seasons are simultaneously facili-
tating insect range expansion, local population growth, and reduced time between generations (Bentz et al.,
2009, 2010; Sambaraju et al., 2012; Weed et al., 2013). Insect pests are moving higher in latitude and

"The general term pest includes both insects and pathogens that cause damage to forests.
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elevation (Berg et al., 2006), and cold areas that previously did not experience the population explosions
associated with outbreaks have now become more favorable to such dynamics (Raffa et al., 2013). Simi-
larly, some tree pathogens, such as Phytophthora cinnamomi (which causes root rot and dieback of thou-
sands of species worldwide), are expected to expand their geographic ranges in response to climate change
(Bergot et al., 2004).

In many cases, native trees may have little or no natural resistance to withstand insect or pathogen
attack and are at risk of being extirpated. The decrease in abundance, or disappearance, of a tree species
affected by outbreaks can in turn affect other species and trophic levels (Ford et al., 2012) and potentially
result in a cascade of changes with profound impacts on the entire ecosystem (Ellison et al., 2005a,b; Morin
and Liebhold, 2015) and the services it provides to humans and other species (Lewis and Lindgren, 2000;
Fissore et al., 2012; Liebhold et al., 2017).

Many tools are available to mitigate the effects of insect and disease outbreaks. For introduced species,
the most cost-effective measures are those that prevent the arrival of the invasive species in the first place
(Lovett et al., 2016). Eradication through chemical traps, pesticide fumigations, and manual removal can
eliminate small populations that are accidentally introduced (Sharov et al., 2002). Insecticides and fungi-
cides may be used to some extent in forests even if eradication is not possible. Thinning tree stands or taking
actions to promote diversity of tree species and age classes can reduce opportunities for native or introduced
pests to spread (Jactel et al., 2012; DeRose and Long, 2014), and biocontrol measures—such as the intro-
duction of predators of a damaging insect or the release of sterile insects to breed with the damaging popu-
lation—may help regulate the insect pest population at lower levels (Bauer et al., 2014). Another approach
is to exploit the natural genetic resistance within the affected tree species by identifying genotypes of the
tree resistant to the insect or pathogen, then selectively breeding resistant trees, and ultimately introducing
those bred trees into forests to continue the spread of the resistant phenotype in the forest tree population
(Woodcock et al., 2017). When little or no resistance is found within a native tree species, breeding a native
species with a related resistant species can be used to impart resistance.

Resistant trees can also be created through the use of biotechnology. This process may consist of insert-
ing DNA from another tree species or an entirely unrelated species into the genome of the target tree to pro-
duce a genotype that will express resistance to the damaging insect or pathogen. The genome of the tree can
also be molecularly manipulated to express resistance without the insertion of DNA from another organism.
For example, many classes of chemicals are produced by forest trees that reduce herbivory and pathogen
infection. Terpenes have been studied extensively in conifers and phenolics in broad-leaved trees as mecha-
nisms of defense. However, biotechnology has significant potential to increase secondary chemical production
for plant defense (Peter, 2018). Another emerging tool in the biotechnology toolkit is the synthesis of DNA—
that is, DNA created in a laboratory—that can then be inserted into the genome of the tree.

As of 2018, although research on incorporating resistance to insects or pathogens via biotechnology
was being conducted in some forest tree species such as the American chestnut and poplar hybrids, no such
resistant genotypes—created with the intent to spread resistance into a forest population—had been planted
in a North American forest. Given the increase in the frequency and magnitude of pest outbreaks, and the
threats they pose to the survival of many North American forest species, a number of federal agencies and
a forest organization wanted to explore whether biotechnology held potential for addressing these threats
to forest health. The U.S. Department of Agriculture’s U.S. Forest Service, Animal and Plant Health In-
spection Service, National Institute of Food and Agriculture, and Agricultural Research Service as well as
the U.S. Environmental Protection Agency and the U.S. Endowment for Forestry and Communities asked
the National Academies of Sciences, Engineering, and Medicine (hereafter referred to as the National Acad-
emies) to convene a committee of experts to investigate that question.

THE COMMITTEE AND ITS CHARGE

The committee’s charge was to examine whether biotechnology has the potential to mitigate threats
to forest health, particularly threats posed by insects and diseases. Its task included identifying the ecolog-
ical, economic, and social implications of using biotechnology in forests and developing a research agenda
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to address areas where knowledge about such use might be lacking. The committee was instructed to use
case studies to explore whether biotechnology could successfully protect forest tree species from insect
pests, pathogens, or both. It was not asked to examine the potential for biotechnology to reduce threats to
forest health by altering the pests affecting North American tree species. The full statement of task is in
Box 1-1.

The president of the National Academy of Sciences appointed a committee with the diverse expertise
and experience needed to address this statement of task. The committee contained experts in forest popula-
tion genetics, tree gene flow and reproductive biology, quantitative genetics, and genomics. The disciplines
of forest ecology and entomology were also represented as were the fields of sociology, ethics, economics,
and U.S. environmental and regulatory law. Many committee members had extensive knowledge about
selective breeding and genetic engineering of forest trees. The committee included researchers who studied
conifer and deciduous trees in eastern, midwestern, intermountain, western, and Hawaiian forest ecosys-
tems. As with all National Academies commitiees, members were appointed for their individual expertise,
not their affiliation to any institution, and they volunteered their time to serve on this committee. The biog-
raphy of each committee member can be found in Appendix A.

BOX 1-1 Statement of Task

An ad hoc committee will examine the potential use of biotechnology for mitigating threats to forest
tree health; identify the ecological, economic, and social implications of deploying biotechnology in for-
ests, and develop a research agenda to address knowledge gaps about its application. The study will
focus on trees and consider at least two cases that consider the use of biotechnology to protect a tree
species from an insect and/or disease where negative consequences for forest health are anticipated.
It will be guided by the following questions:

1. What is the current state of the science regarding the potential for using genetic engineering
(GE) and similar technologies in trees to improve forest health?

2. What are the potential ecological and economic impacts of deploying trees protected from pests
and pathogens using biotechnology?

3. What other unique challenges and opportunities are posed by the development of a GE product
for a noncommercial, public good such as forest health?

4. What research is needed to fill knowledge gaps about developing and using GE as a tool to
protect forest health?

5. In what ways does the current regulatory system include forest health in evaluating the ecolog-
ical and environmental risks of deploying trees developed with GE, and how does this compare
with regulatory evaluation of impacts for other methods used to address forest health threats
such as non-GE trees or other biological control or pesticide approaches?

6. What information or analysis is needed to inform a risk framework that provides assurances for
minimizing the risks of using GE while increasing benefits to forest health; for example, what
characteristics of forest health are central to a risk framework? How can adaptive management
be used to enable realistic testing and assessment of biotechnology approaches for mitigating
threats to forest health?

7. What does existing research reveal about public views on the use of biotechnology to improve
forest health?

The committee will prepare a report that addresses the questions above and explains the basis for its
conclusions and recommendations.
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THE COMMITTEE’S PROCESS

The committee conducted its work between December 2017 and December 2018. Between December
and April, it heard from 43 invited speakers over the course of 13 information-gathering sessions: three held
in-person in Washington, DC, and 10 conducted via webinar. All in-person meetings and webinars were open
to the public, streamed over the Internet, and recorded and posted to the study’s website.? Agendas for the
meetings, topics for the webinars, and names of the invited speakers can be found in Appendix B.

The committee also reviewed the scientific literature and welcomed comments submitted by members
of the public. Opportunities to make public statements to the committee were available at each m-person
meeting, and the committee accepted written statements throughout the study process.* Committee members
read all submitted written comments, which were subsequently archived in the study’s public access file.*

Based on its expertise, experience, and the information it gathered through presentations, scientific
literature, and written comments, the committee wrote a drafl report in response to the statement of task.
That draft was then reviewed by a number of peers with expertise complementary to that of the committee
members in a process overseen by the National Academies’ Report Review Committee. The reviewers were
anonymous to the committee during the review process, and their comments remain anonymous after the
report has been published (see Acknowledgments). The Report Review Commiittee approved the report for
publication after it determined that the committee had appropriately responded to the reviewers’ comments.

ORGANIZATION OF THE REPORT

The next chapter discusses the concept of forest health, including how the committee defined the term.
It also reviews the threats to forest health from insect pests and pathogens, reviews the ecosystem services
provided by forests, and introduces the case study species considered by the committee: American chestnut
(Castanea dentata), whitebark pine (Pinus albicaulis), ash (Fraxinus spp.), and poplar (Populus spp.).

Chapter 3 outlines the options available for mitigating threats to forest health, including the current
state of the science regarding the potential for using biotechnology in trees to improve forest health. The
committee agreed that biotechnology included the following approaches: transgenesis, cisgenesis, RNA
mterference, genome editing, and the insertion of synthetic DNA. For simplicity’s sake, trees modified by
one or more of these approaches are generally referred to in this report as biofech trees.

Chapter 4 reviews the ecological, economic, social, and cthical considerations related to the use of
biotechnology in trees. It includes a synopsis of the potential ecological and economic impacts of deploying
trees protected from insect pests and pathogens using biotechnology and a summary of what existing re-
search reveals about public views on the use of biotechnology to improve forest health.

Chapter 5 emphasizes the importance of evaluating the risk of loss of ecosystem services over part, or
all, of a species’ range against the potential to recover ecosystem services across that range with and without
a biotechnological intervention and identifies information needs for a framework that would assess the
impacts of using biotechnology to address forest health. It also explores how adaptive management could
be used to test, assess, and improve the use of biotechnology as a tool to mitigate forest health threats.

Chapter 6 summarizes how forest health is considered in the U.S. regulatory systems for biotechnol-
ogy and other forest health interventions. Chapter 7 describes research and investment needs to fill
knowledge gaps about developing and using biotechnology as a tool to mitigate threats to forest health from
insect pests and pathogens.

ZRecordings of the presentations made to the committee at its meetings and webinars can be found at http:/nas.edu/
forestbiotech.

For more information about the National Academies study process, see hitp://www nationalacademies.org/study
process.

*The public access file of any National Academies study can be obtained by contacting the Public Access Records
Office at paro@nas.edu.
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2

Forest Health

This chapter contains the committee’s definition of forest health, which includes ecological, eco-
nomic, and sociocultural factors. It summarizes the threats facing North American forests from insect pests
and pathogens and introduces, as examples, the cases of four tree species affected by one or more of these
pressures. These case study species are referenced throughout this report. This chapter concludes by de-
scribing the effects these threats have on forest health and ecosystem services.

DEFINING FOREST HEALTH

The committee spent much of its early deliberations discussing the term forest health. It heard a num-
ber of presentations on the topic (see Meeting 2 in Appendix B) and consulted the scientific literature
(e.g., Kolb et al,, 1994; Helms, 1998; Raffa et al., 2009; USDA-FS, 2009; Trumbore ¢t al., 2015). On the
basis of its information-gathering efforts, the committee agreed on the definition of forest health for this
analysis as:

A condition that sustains the structure, composition, processes, function, productivity, and resilience
of forest ecosystems over time and space. An assessment of this condition is based on the current state
of knowledge and can be influenced by human needs, cultural values, and land management objec-
tives.

Forest structure is the horizontal and vertical distribution of plant material, including ground vegeta-
tion and dead or fallen woody material, shrubs, and understory, midstory, and overstory trees (Bennett,
2010). Structure also concerns the age distribution of the trees in the forest. Forest stands are considered
even-aged if all of the trees are within the same age class. A forest with uneven-aged structure is a stand
with three or more age classes (Bennett, 2010). In practice, size is often used as a proxy for age. Forest
structure affects seedling growth, survival, and crown formation of trees as well as the formation of habitat
niches (von Gadow et al., 2012).

Forest composition refers to the identity and frequency of plant species found in a stand or landscape,
including grass, forbs, shrubs, and trees. In other words, it is the entire plant community of the forest
(Moore, 2004). Forest composition, directly or indirectly, affects all other biota present.

Trees play an important role in ecological processes, that is, the cycling of water, nutrients, and energy
through the ecosystem, as well as in the natural successional dynamics, that is, the changes in plant species
composition and structure following a disturbance (Glitzenstein et al., 1986; Keeton and Franklin, 2005).
Trees’ influence on plant species composition and structure affects in turn the other species present in the
system.

Healthy forests support economic, ecological, and sociocultural functions. Economic functions relate
to the quality and quantity of timber or other vegetation products and game extracted from a forest as well
as revenues generated through recreational uses of the forest. Ecological functions include habitat for wild-
life, maintenance of biodiversity, soil erosion control, climate regulation, flood control, and effective
maintenance of water quality. Sociocultural functions concern aesthetic, spiritual, and cultural values
(DeFries et al., 2005; Cooper et al., 2016).
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Forest productivity refers to the net primary productivity of plants in the forest system (reflected by
the difference between the carbon captured via photosynthesis and that lost via respiration) (Landsberg and
Waring, 1997).

Resilience in a forest ecosystem describes its capacity to absorb a disturbance' without a significant
long-term change to the forest community functions and processes that existed before the disturbance (Hol-
ling, 1973; Millar and Stephenson, 2015; Seidl et al., 2016). For this report, resilience is specifically defined
as a forest’s ability to maintain its structure, processes, and functions in the long term; however, the com-
mittee was mindful of other aspects of resilience in response to disturbance (e.g., resistance, absorption,
reorganization, and transformation; Fisichelli et al., 2016). In particular, transformative resilience, that is,
the capacity to change into a new system when disturbance makes the existing system untenable (Walker
et al., 2004), could be of great relevance in the context of using biotechnology in forest ecosystems.

Like forests themselves, the assessment of whether a forest is healthy is not static. The assessment of
the health of a forest will change not only with the evaluation of its structure, composition, processes,
function, productivity, and resilience, but also with the state of knowledge about these aspects of forest
health. Increasing numbers of studies are also demonstrating that climate change is also altering various
aspects of forest health (Boisvenue and Running, 2006; Reyer et al., 2017; Paquette et al., 2018).

THE VALUE OF HEALTHY FORESTS

A healthy forest can be valued for the benefits it provides to humans and also for its own sake. An
instrumental view of forest health takes it as a means to an end: the betterment of human welfare. In contrast,
the intrinsic value of a forest does not depend on its contribution to human society (NRC, 2005). While the
instrumental valuation of the forest ecosystem is framed in terms of the services it provides to humans,
mtrinsic value concerns the value a forest may have in itself, independent of its usefulness to human beings.
Here, both perspectives on valuation are introduced.

Maintaining forest health is essential for the conservation and sustainable management of the many
ecosystem services provided to humans by forests. Ecosystem services are the goods and services that are
of value to people, provided wholly or in part by ecosystems (Olander et al., 2015). In 2005, the Millennium
Ecosystem Assessment categorized these services as provisioning, regulating, supporting, and cultural
(Shvidenko et al., 2005; see Box 2-1).

Many ecosystem services that are provisioning, regulating, or supporting are biologically mediated
(Burkhard and Maes, 2017). Trees help form and retain soil, cycle nutrients, and store carbon (e.g., Seidl et
al., 2016). They filter and regulate the flow of water, first by intercepting rainfall in the canopy. The reduced
volume and speed of the rain allows more water to be absorbed into the ground and, combined with the
roots’ soil retention properties, controls flooding and reduces erosion (Ellison et al., 2017). Second, roots
take up nutrients and pollutants in the subsurface water, preventing these elements from filtering into the
groundwater supply. Trees improve air quality by mtercepting pollutant particles (Nowak et al., 2014).
Water vapor cools the surrounding environment when it evaporates from leaves. Trees buffer the landscape
from the heat of the sun and the force of winds, and forests provide food and habitat for pollinators, fish,
wildlife, and other organisms, as well as food, fuel, and products for humans.

"Natural disturbance is part of the normal functioning of a forest. Forested systems undergo successional and cy-
clical changes in structure and composition, which help to maintain high levels of biodiversity (Perry, 1994; Barnes
and Wagner, 2004). Healthy forests may withstand natural distarbances either by being able to maintain similar prop-
erties (i.c., showing resistance) or by being able to recover many of their original properties afterward (i.e., being
resilient). Land management practices can influence forest function and productivity following disturbance (Millar
and Stephenson, 2015).
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BOX 2-1 Ecosystem Services

Ecosystem services are the benefits that society obtains from ecosystems. Forest ecosystem services
are classified into four groups.

e Provisioning services: Goods or products obtained from ecosystems such as food and medicinals, fresh
water, raw materials for building, clothing, energy, and ornamental and horticultural resources.

¢ Regulating services: Benefits obtained from an ecosystem’s control of natural processes such as soil
formation, stabilization and erosion, water seasonal-flow regulation and filtration/purification, flood
control, air quality regulation, carbon sequestration and storage, climate regulation, pollination, insect
pest and disease regulation, waste decompaosition and detoxification, and natural hazard regulation.

e Supporting services: Natural processes necessary for the production of other ecosystem services.
They include maintaining biogeochemical and nutrient cycles, soil formation, soil fertility, and primary
production.

e Cultural services: Benefits humans obtain through spiritual enrichment, cognitive development, health
improvement, recreation, education, and aesthetic experiences.

SOURCE: DeFries et al. 2005.

Cultural ecosystem services are diverse (Milcu et al.,, 2013). They vary according to the intended or
desired use of an ecosystem, such as recreation or creation of traditional forest products. Additionally,
forests provide substantial cultural heritage or identity and spiritual, educational, and aesthetic values
(Cooper et al,, 2016). The values at stake may vary by individual or group. For example, some people may
value mountain bike trails through a forest, whereas others may value the same area for its wildlife viewing
opportunities or for a spiritual connection felt to nature when in that space. People may also place existence
or nonuse value on forests simply because they wish to preserve the ecosystem or species within it (NRC,
2005).

Alongside the services they provide to humans, ecosystems such as forests may also be thought to
have intrinsic value, value for their own sake. Intrinsic value, however, can be understood in different ways.
Subjective intrinsic value arises from human evaluative attitudes. In the context of forests, for instance,
people might intrinsically value forest ecosystems or wild animals or the perceived state of wildness itself.
Objective intrinsic value describes value that is believed to exist on the basis of certain properties or fea-
tures, independent of anyone’s evaluative attitudes (Sandler, 2012, 2018). If someone argues that human
lives are valuable on the basis of certain properties humans have, whether or not anyone actually values
human lives, then they are defending the objective intrinsic value of human life. If someone argues that a
forest ecosystem is objectively intrinsically valuable, they are maintaining that it has intrinsic value whether
or not any human actually values it. Although the existence of objective intrinsic value is disputed on the
ground that values must be created by valuers, the existence of objective intrinsic value in species, ecosys-
tems, individual organisms, or all three has often been assumed or defended in conservation and environ-
mental ethics (e.g., Soulé, 1985; Taylor, 1986; Rolston, 1988).

The relationship between intrinsic value and existence value is complex. Because existence value is
based on human preference, it is clearly distinct from objective intrinsic value. Existence value and subjec-
tive intrinsic value, however, are much closer in meaning, and some definitions take existence value to be
synonymous with subjective intrinsic value (e.g., Aldred, 1994). However, Davidson (2013:175) interprets
existence value “as the (willingness to pay for the) benefits one derives from something's mere existence,
although one has no current or future plans for its active use.” Existence value, on this account, entails some
kind of benefit or satisfaction to the valuer. Intrinsic value, on the other hand, does not imply any benefit
to the valuer; rather, the existence of something with intrinsic value “exerts a moral duty on us to take it
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mto account.” Therefore, Davidson suggests something could have intrinsic value without existence value;
for example, a rat in a kitchen has intrinsic value, in that the human in the kitchen has a duty not to harm it,
but presumably that person would prefer for the rat not to exist at all. Given this understanding of intrinsic
value, Davidson argues that intrinsic value, though not existence value, falls outside the scope of ecosystem
services because it is not in any sense about nature’s services to humans.

In this report, the committee adopts ecosystem services as the basis for assessment of the instrumental
impacts of introducing a biotech tree to counter a threat to forest health. Chapter 5 presents a specific
framework for defining ecosystem services in impact assessment that is compatible with regulatory decision
making (discussed in Chapter 6). The impact assessment considers the potential benefits, risks, and trade-
offs of the introduction of a biotech tree by evaluating expected changes in forest ecosystem services. How-
ever, the committee also believes that consideration of the intrinsic values of a healthy forest could usefully
broaden the scope of public deliberations about the use of biotechnology (discussed in Chapter 7). Chapter
4 considers some of these values and the ways in which they may be affected by the introduction of a
biotech tree to a forest ecosystem.

A healthy forest—that is, one in a condition that sustains the components of an ecosystem over time
and space—is more likely to sustain ecosystem services of value to individuals and society. When assessing
the impact of a threat (such as an invasive insect) on forest health, evaluating the effect of that threat on the
biologically mediated processes and the cultural and aesthetic values of the forest ecosystem provides the
basis for assessing how the provision of ecosystem services may change. When adverse effects are experi-
enced or anticipated, alternative means of returning the forest ecosystem to health are considered, including
the introduction of a biotech tree that can resist the threat. The remainder of this chapter reviews the scope
of the threat from insect pests and pathogens facing North American forests and the implications of that
threat for the forest ecosystem and the ecosystem services it provides.

THREATS TO FOREST HEALTH FROM INSECT PESTS AND PATHOGENS

Despite being part of the forest natural disturbance regime, outbreaks of insects and pathogens have
dramatically increased in number and impact since the mid-19th century (Aukema et al., 2010; Boyd et al.,
2013). The most recent national insect and disease risk assessment, conducted in 2012 by the Forest Service
of the U.S. Department of Agriculture (USDA), estimated that 32.9 million hectares (81.3 million acres)—
that is, almost 7 percent of all forested” or treed’ land in the United States—were at risk of losing at least
25 percent of tree vegetation between 2013 and 2027 due to insects and diseases (see Figure 2-1; Krist et
al., 2014). That assessment placed 9.4 million more hectares (23.3 million acres) at risk than was estimated
n 2006 (Krist et al., 2014).

Most of these outbreaks have been caused by introduced insects and pathogens or by native species
within their natural range as well as those expanding their geographic ranges due to climate change
(Liebhold et al., 1995; Lovett et al., 2006; Sambaraju et al., 2012; Weed et al., 2013). Climate change is
further compounding the impact of insects and pathogens by increasing abiotic stresses on trees, which may
result in reduced defenses and increased susceptibility (Breshears et al., 2005; Berg et al., 2006). As aresult,
the impacts of insects and pathogens are among the greatest threats to forest ecosystems in North America
(Moser et al., 2009; Krist et al., 2014; Lovett et al., 2016).

As the frequency of insect and pathogen outbreaks increases, forest resilience and the ecosystem ser-
vices associated with forests are threatened (Millar and Stephenson, 2015; Seidl et al.,, 2016). The next
section describes general threats posed by insects and pathogens and their interaction with climate change.

*Forested land contains at least 10 percent tree canopy cover.
*Treed land is an area with measurable tree presence, including urban areas and land in the Great Plains with trees
that does not meet the definition of forested land.
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Introduced Insect Pests and Pathogens

Since the 1600s, around 450 species of insects and at least 16 species of pathogens have been intro-
duced and become established in continental U.S. forests. Of those, 14 percent of the insects (62 species)
and all of the pathogens have been classified as high-impact species (Aukema et al., 2010); that is, they
cause some combination of tree mortality, canopy thinning, growth loss, defoliation, and decreased repro-
duction or regeneration. At least 2.5 introduced, established insect species have been detected each year
since 1860 (Aukema et al., 2010). Given their cryptic nature and difficulties in early detection, there is little
information on the rate of pathogen introduction.

Increases in human mobility and trade are the major pathways of introductions (Pysek et al., 2010;
Brockerhoff et al., 2014; Early et al., 2016). Pathogens and insect defoliators have generally been introduced
with live plants (Liebhold et al., 2012). The introduction of insect borers, the most damaging group (see Box
2-2), 1s usually associated with wood packaging material (Aukema et al., 2010, 2011). The number of intro-
duced borer species (including bark and ambrosia beetles) has dramatically increased since the 1990s, aver-
aging 1.6 new introductions per year, reflecting the increased use of wood packaging materials and the growth
in global trade (see Figure 2-2; Haack, 2006; Aukema et al., 2010). These introductions continue despite
proactive requirements for treatment of wood pallets and shipping containers (Haack et al., 2014).

Some of these introductions have had devastating consequences in North American forests; impacts
have ranged from temporary declines in population productivity to the functional extirpation of an entire
species (see case study of the American chestnut, below). In many instances, the introduced insect pests
and pathogens lack natural competitors, predators, parasites, or pathogens to regulate their populations (i.e.,
enemy release; Keane and Crawley, 2002), giving them a temporary fitness advantage that could contribute
to their virulence (Hajek et al., 2016). The damage these species cause can be linked to a lack of resistance
in the host tree (Herms and McCullough, 2014). Table 2-1 summarizes many of the nonnative pests threat-
ening North American tree species.

BOX 2-2 Effects of Insect Pests and Pathogens

Among insect pests, phloem and wood-boring species cause the most damage to forest trees,
followed by sap feeders and then by foliage feeders (Aukema et al., 2011). Borers are species of beetles,
wasps, and moths that can be exiremely destructive in their larval stage. They damage the tree’s
vascular system, which often results in the death of the tree, and they produce tunnels that reduce the struc-
tural soundness of the wood and allow rotting fungi to enter. The invasive emerald ash borer
(Agrilus planipennis) is an example of a wood borer and the native mountain pine beetle (Dendroctonus
ponderosae) is an example of a phloem-boring bark beetle.

Sap feeders (adelgids, scales, and aphids) pierce leaves and stems to suck out plant nutrients. Infesta-
tions by native sap feeders rarely lead to death, although they can reduce growth, reproduction, and produc-
tivity of plants (Zvereva et al., 2010). In contrast, introduced sap feeders such as the balsam woolly adelgid
(Adelges piceae) and the hemlock woolly adelgid (Adelges tsugae) kill native trees in high numbers. Insect
herbivory of leaf tissue by foliage feeders can reduce growth and productivity and during outbreaks can lead
to the mortality of thousands of trees such as what occurs periodically with spruce budworm (Lepidoptera:
Tortricidae) (Ludwig et al., 1978).

Among tree pathogens, fungi and comycetes (which cause seedling blights, damping-off, roct rots, and
foliar blights) have the most devastating effects on forest species, often resulting in tree mortality and, in
extreme cases, in the local extirpation of the host species. They can damage and reduce leaf area, harm
roots, and cause vascular wilts and cankers that reduce the flow of water (Latijnhouwers et al., 2003). Chest-
nut blight, for example, is caused by the fungus Cryphonectria parasitica; sudden oak death results from
infection by the comycete Phytophthora ramorum.

Additionally, insects are often the vectors of pathogens that are the actual agent of mortality. For
example, the boring redbay ambrosia beetle (Xyleborus glabratus) introduces a fungus (Raffaelea
lauricola) that causes laurel wilt, a deadly disease of redbay (Persea borbonia) and other tree species in the
laurel family (Lauraceae) (Kendra et al., 2013). The sap-sucking beech scale (Cryptococcus fagisuga) trans-
mits the fungi that cause beech bark disease (Castlebury et al., 2006).
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FIGURE 2-2 Frequency of detection of introduced insects and diseases in continental United States through 2006,
(a) All introduced forest insects; (b) high-impact insects and pathogens (those that cause some combination of tree
mortality, canopy thinning, growth loss, defoliation, and decreased reproduction or regeneration); (¢) sap-feeding
insects; (d) phloem and wood-boring insects; (¢) foliage feeders; and (f) pathogens. SOURCE: Aukema et al., 2010.

The majority of introduced insect pests and pathogens are found in the northeastern United States
(Liebhold et al., 2013; see Figure 2-3). This geographic pattern likely reflects the number of introductions,
the historically high propagule pressure, and the impact of anthropogenic disturbance on the ability of the
pests to invade in this region (Liebhold et al., 2013). This distribution is also correlated with the diversity
of tree species, which is higher in the eastern half of the country (Liebhold et al., 2013). Once established,
the average radial rate of spread—35.2 km per year—seems to be similar for all groups of insect pests and
pathogens (Liebhold et al., 2013).
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FIGURE 2-3 Number of high-impact invasive insect pests and pathogens in forests (per county) in the continental
United States and Alaska. NOTE: High-impact species are those that cause some combination of tree mortality, canopy
thinning, growth loss, defoliation, and decreased reproduction or regeneration. SOURCE: Liebhold et al., 2013.

Insect Pests and Pathogens Under Climate Change

Climate change is opening new opportunities for colonization by both native and introduced insect
species (Harvell et al., 2002; Logan et al., 2003). Forecasted temperatures for the mid-21st century indicate
decreases in the length of the cold season and the incidence of extreme cold spells (IPCC, 2013). Cold
winter temperatures, cold snaps, and short growing seasons have kept many insect pest species in the United
States from moving into higher elevations and more northern latitudes (Carroll et al., 2004; Esper et al.,
2007; Dukes et al., 2009). However, with warmer conditions, many insects are colonizing regions that
previously had been unsuitable (Williams and Liebhold, 1997; Battisti et al., 2005). In addition, changes in
climate are affecting the frequency and magnitude of outbreaks of both native and introduced pests. Out-
breaks are predicted to increase in frequency and magnitude in the future. In areas where cold has previously
limited establishment, warmer temperatures will likely allow an increase in development and reproductive
rates and survival of many insects and pathogens (Ayres and Lombardero, 2000; Bale et al., 2002). An
example is the native mountain pine beetle (Dendroctonus ponderosae) outbreak in North America between
1990 and 2010, which killed millions of hectares of pines and has been estimated to be an order of magni-
tude larger than any previously recorded event (Meddens et al., 2012; Raffa et al., 2013). This outbreak was
associated with a reduction in cold snaps (i.e., periods of four consecutive days with average temperature
below —20°C (Sambaraju et al., 2012) and overall warmer summer and winter temperatures. Warmer tem-
peratures have also allowed an expansion of the territory of the mountain pine beetle hundreds of kilometers
farther north in British Columbia and movement across Alberta into jack pine forests (Pinus banksiana),
where it threatens the boreal forest as an invader. Likewise, southern pine beetle (Dendroctonus frontalis)
is moving northward into new forests on the eastern coast of the United States. In Alaska, Canada, and
Colorado, outbreaks of spruce beetle (Dendroctonus rufipennis) have increased with warmer weather and
drier summers (Berg et al., 2006), and the beetle’s spread has been predicted to increase as warmer condi-
tions facilitate faster insect development (Bentz et al., 2010; see Figure 2-4).
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FIGURE 2-4 Estimated probability of spruce beetle developing in a single year in North American spruce forests: (a) 1961-1990, (b) 2001-2030, and (¢) 2071
2100. SOURCE: Bentz et al., 2010.

Ll

ED_002771_00120075-00041



Forest Health and Biotechnology: Possibilities and Considerations

Changes in temperature and precipitation associated with climate change may become the most influ-
ential driver of pathogen outbreaks, because these changes could simultaneously affect host susceptibility
and pathogen growth, reproduction, and infection (Sturrock et al., 2012). Forecasts of future climate indi-
cate likely changes in pathogen overwintering survival, changes in host susceptibility to pathogen attack
due to other stressors (e.g., drought conditions, ozone, or damage from storms), or changes in life cycles of
associated species such as insects that disperse pathogens (Dukes et al., 2009; Weed et al., 2013). However,
the outcome of these changes—higher or lower virulence—will likely be site specific (Sturrock et al.,
2012). For example, Phytophthora ramorum, an introduced oomycete that causes sudden oak death, may
experience a decrease in favorable environmental conditions in the eastern United States, but an increase
in favorable sites in the western United States (Venette and Cohen, 2006; Venette, 2009) and Europe in
response to climate change (Bergot et al., 2004).

Given that some pathogen species rely on insects for their dispersal (Wingfield et al., 2016), effects
of climate change on the insect populations would likely cause changes in pathogen dynamics. For example,
the two fungi that cause beech bark disease (Neonectria farinata and N. ditissima) are spread by a scale
msect, Cryptococcus fagisuga. The extent of the infestation had been restricted by cold winter temperatures,
but with the onset of mild winters and dry autumns associated with climate change, both the scale and the
fungi will likely move to northern latitudes and affect beech trees that had previously been shiclded from
the pathogen (Houston and Valentine, 1988; Stephanson and Coe, 2017).

EFFECTS OF INSECT PESTS AND PATHOGENS
ON TREES AND ECOSYSTEM SERVICES

Adverse effects on forest health caused by increases in the frequency and magnitude of insect and
pathogen outbreaks are already being observed and are likely to continue. This section reviews the effects
on some specific tree species and genera; the feasibility of using biotechnology to address threats to these
species is discussed in subsequent chapters. This section also examines more broadly the effects of insect
pests and pathogens on forest health and ecosystem services.

Case Study Trees

A variety of introduced insect pests and pathogens (imany included in Table 2-1) and the exacerbated
pressure of some native insects and diseases facilitated by climate change threaten the long-term survival
of many forest tree species native to North America. Rather than clucidating all threats, the committee
decided to focus on four cases chosen by consensus and based on the following criteria:

e The severity of the threat.

The causative agent(s) (insect, pathogen, or complex systems involving insect vectors or obligate
pathogens with alternate hosts).

The origin of the insect or pathogen (native or nonnative).

The impact of climate instability and fire on the severity and extent of the disease or infestation.
The ecological, economic, and cultural values of the host tree species.

The use or potential use of the host tree species for plantation forestry.

The efficacy or feasibility of traditional strategies to protect forest health (biological control, pes-
ticide use, containment strategies, and selective tree breeding).

The efficacy of gene insertion or gene-editing strategies if already in place.

e The feasibility of gene insertion or gene-editing strategies if not yet attempted or tested.

e Geographical distribution and phylogenetic position of the host species.
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TABLE 2-1 Eighteen Nonnative Forest Insects and Pathogens in North America with Current or Potential Future High Impacts

Common Name

Scientific Name

Pathway

Hosts

Impacts

Geographic
Region at Risk

Established Species with High Impact

Chestnut blight

White pine blister rust

Phytophthora dieback

Port-Orford-cedar
root disease

Beech bark disease

(scale insect + fungus)

European gypsy moth

Hemlock woolly adelgid

Sudden oak death

Redbay ambrosia
beetle + fungus (laurel
wilt disease)

Emerald ash borer

Dutch elm disease

Cryphonectria parasitica (Murrill) Barr.

Cronartium ribicola J. C. Fisch

Phytophthora cinnamomi Rands

Phytophthora lateralis Tucker & Milbrath

Cryptococcus fagisuga Lindinger +
Nectria coccinea var. faginata (Pers.) Fr.

Lymantria dispar dispar 1.

Adelges tsugae Annand

Phytophthora ramorum S. Werres,
A W.AM. de Cock

Xyleborus glabratus Eichhoff +
Raffaelea lauricola Harrington and Fraedrich

Agrilus planipennis Fairmaire

Ophiostoma ulmi (Buisman) Nannf. &

O. novo-ulmi Brasier; vectored by several
insects including Scolytus multistriatus
and S. schevyrewi

Live plants

Live plants

Unknown

Probably live plants

Live plants

Escaped from
deliberate
introduction

Live plants

Live plants

Wood packaging

Wood packaging

Wood products

American chestnut, chinquapin

Five-needle pines (section
Quinquefolia in genus Pinus)

Many hosts including
American chestnut, white oak,
shortleaf pine, and Fraser fir,
fruit trees

Port-Orford-cedar

American beech

Many hosts includes oaks,
aspen, willow, and birch

Eastern and Carolina hemlock

>100 spp., especially tanoak
and several western oak
species; some eastern oaks
vulnerable

Numerous probable hosts
including redbay and
pondberry & pondspice shrubs

All North American ash
species

American elm; other native
elms, e.g., red or slippery elm,
are more resistant

Virtually eliminated mature
chestnuts

High mortality of susceptible trees
in several western pine species

High mortality of susceptible trees

High mortality of trees, especially
in riparian parts of its range

Severely reduces mature beech;
often replaced by dense thickets
of root sprouts

Periodic outbreaks cause
defoliations and can sometimes kill
hosts

High mortality in most affected
stands

High mortality in some vulnerable
hosts (particularly tanoak); other
hosts show minor impacts

Predicted >90% reduction in
redbay basal area within 15 yr
(25 yr after first detected)

Most ash trees succumb; some
species of ash appear to have
limited resistance

Severe impacts in urban areas;
elms remain, although reduced
in number and size, in riparian
woodlands

Eastern deciduous forest

Continent-wide; greatest
impacts in West

Continent-wide

Klamath Mountains,
California and Oregon

Deciduous forests of East
and Midwest

Deciduous forests of East
and Midwest

Appalachians, Northeast,
and upper Midwest

Coastal California and
Oregon; could potentially
spread to eastern forests

Eastern deciduous forests;
greatest impacts in
southeastern coastal plain

Fastern deciduous forest;
riparian areas in Great
Plains and West,
landscape plantings
continent-wide

Continent-wide

(Continued)
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TABLE 2-1 Continued

0¢

Geographic
Common Name Scientific Name Pathway Hosts Impacts Region at Risk
Butternut canker Sirococcus clavigignentijuglandacearum Unknown Butternut (white walnut} Severe mortality of butternut; Deciduous forests of

N. B. Niar, Kostichka & Kuntz

Balsam woolly adelgid Adelges piceae Ratzeburg

Live plants Most true fir species (4dbies) in

North America

over 80% mortality of butternut
in the South

Widespread impacts on firs; severe
mortality of Fraser fir on southern
Appalachian mountaintops and
Christmas tree farms

Northeast and Midwest

Northeast; southern
Appalachians; Northwest

Established, Potential for Significant Fffects in the Future

Asian longhorned beetle Anoplophora glabripennis Motschulsky

Winter moth Operophtera brumata L.

Euwallacea (sp. unknown) + Fusarium
euwallacea

Polyphagous shot hole
borer and fusarium fungus

European woodwasp Sirex noctilio

Wood packaging Woody vegetation in 15
families, especially maples,
elms, and willows

Unknown Many species including oaks,
maples, cherries

Unknown >200 species attacked by

insect; >100 support the
fungus; hosts killed include
box elder, bigleaf maple,
coast live oak

Probably wood
packaging

Many pine species

Severe impacts possible in both
urban and forest landscapes;
eradication being attempted

Severe impacts on hosts in
southeastern New England

High mortality levels in
vulnerable hosts

Most important killer of pines in
Southern Hemisphere; modest
impacts so far in United States

Continent-wide
deciduous forests

Eastern deciduous forest

Southern California
hardwood forests,
riparian and urban;
potentially in Southeast

All ecosystems with hard
pines: Southeast, Great
Lakes states, western
United States

Not Yet Established

Asian gypsy moth &
hybrids

Lymantria dispar asiatica Vinuskovkij

>600 species, including common
deciduous and coniferous trees

Ship super-structures

Could have more severe impacts than Continent-wide

European gypsy moth since it has
wider host range and females fly

SOURCE: Adapted from Lovett et al., 2016.
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Forest Health

The four selected case studies—American chestnut (Castanea dentata), whitebark pine (Pinus
albicaulis), ash (Fraxinus spp.), and poplar (Populus spp.)—represent a wide range of forest health prob-
lems with different combinations of characteristics in terms of the above criteria (Table 2-2). In two cases,
the committee chose specific host trees that face more than one pest pressure (American chestnut and white-
bark pine). In the other two cases (ash and poplar), the committee examined the implications of a specific
pest for a genus of trees. The native ranges of the major host tree species vary considerably in extent but
together cover much of the United States (see Figure 2-5). Forest ecosystems, rural and urban, have all
experienced negative ecological and economic impacts from tree mortality caused by the insects and path-
ogens examined in these studies. All of the species have clear ecological and cultural value, and all but
whitebark pine have economic value. Critical for this study, the species vary in development and feasibility
of a biotech solution to reduce vulnerability to the insect pest or pathogen involved. The case studies are
introduced here and referenced throughout the rest of the report.

TABLE 2-2 List of Variables Considered by the Committee When Selecting Case Studies

Variable

American Chestnut
(Castanea dentata)

Whitebark Pine
(Pinus albicaulis)

Ash
(Fraxinus spp.)

Cottonwood
(Populus trichocarpa,
P. balsamifera)

Geographic distribution

Causative agent (origin)

Other stressors

Urgency

Alternative insect/pathogen
hosts

Major ecological role

Economical values

Cultural/traditional values®
Plantation forestry

Potentially effective
nonbiotech approaches
to mitigate forest health
threats?

Biotechnological approaches
in use as of 2018¢

Potential biotechnological
approaches®

Eastern North America

Pathogen: chestnut blight
(Cryphonectria
parasitica) (nonnative)

Pathogen: Phytophthora
cinnamomi (nonnative)
Insect pest: Dryocosmus
kuriphilus (nonnative)

High

Yes

Yes

Timber, chestnuts

Yes

Maybe

Hybridization (breeding)
Hypovirulence

Transgenesis

Well developed

Western North American
mountains

Pathogen: Cronartium
ribicola (nonnative)
Insect pest: mountain pine
beetle (Dendroctonus
ponderosae) (native)

Climate change (drought),
changes in
fire regime

High

Yes

Yes

None

Reduced abundance of
alternative hosts.
Selective breeding for
resistance

None

Recalcitrant

16 species widely
distributed across North
America

Insect pest: emerald ash
borer (Agrilus
planipennis) (nonnative)

Land conversion

High

Yes

Yes

Landscaping, timber,
woodworking products

Yes
No

Biocontrol (parasitoids),
pesticides.

Selective breeding for
resistance

None

In development

Northern and western
North America

Pathogen:

Sphaerulina musiva
(native to eastern species
of poplar but not to
northern and western
species)

Land conversion, flood
control

Low

Yes

Yes

Pulp production

Fungicide application
Biocontrol (bacteria)

Transformable with
Agrobacterium

Well developed

aSee discussion in section “Social and Ethical Considerations” in Chapter 4.
See Boxes 3-1 and 3-2 in Chapter 3.

“See Box 3-4 in Chapter 3.
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FIGURE 2-5 Geographical ranges of case study species: (2) American chestnut and relatives Allegheny chinguapin
and Ozark chinquapin, (b) whitebark pine, (c) ash species, (D) balsam poplar (Populus balsamifera), black cottonwood
(P. trichocarpa), and eastern cottonwood (P. deltoides). IMAGE CREDIT: V. Chhatre.

American Chestnut (Castanea dentata)

In the 19th century, the range of American chestnut extended from Maine to Mississippi along the
Appalachian Mountains (see Figure 2-5; Little, 1977). American chestnuts were fast growing, and trees
could reach 37 meters in height and 5 meters in diameter on favorable sites (Buttrick, 1925; Wang et al.,
2013). The number of mature trees prior to the introduction of chestnut blight was estimated to be four
billion (Detwiler, 1915), representing a major fraction of the forest biomass in many eastern forests (Braun,
1950). At some locations in the Appalachian Mountains, the American chestnut was considered to be a
foundation species because of its strong influence on ecosystem structure and function (Youngs, 2000;
Ellison et al., 2005a). In some regions, one in four trees in the canopy was reported to be an American
chestnut (Johnson, 2013).

In 1904, American chestnuts at the Bronx Zoo in New York City died from infection by a fungal
pathogen initially identified as Diaporthe parasitica but later renamed Cryphonectria parasitica. The path-
ogen was likely introduced on Japanese chestnuts imported to the United States as early as 1876 (Anagnos-
takis, 1987; Anagnostakis and Hillman, 1992).
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The disease spread more or less unchecked, extending over the entire range of the American chestnut
by the 1950s (see Figure 2-6). Traditional control measures, such as chemical treatments or clearing and
burning, were ineffective (Stoddard and Moss, 1913). The pathogen maintained virulence over time, and
almost all mature chestnuts were killed (Hepting, 1974; Russell, 1987).

The pathogen causing chestnut blight is necrotrophic, entering through small wounds in the outer bark,
killing the living vascular cambium, and then developing cankers on the dead tissues. In susceptible trees,
the fungus eventually girdles the branches and main stem, blocking the transfer of nutrients and resulting
in tree death (Anagnostakis, 2000). In blight-tolerant Asian chestnut trees, lignified callus may surround
the wound and restrict the growth of cankers; in susceptible trees, the fungus is able to overcome this re-
sistance, leading to mortality.

In 2018, surviving chestnut trees existed mainly in shrubby growth forms that result from the for-
mation of sprouts from the root collar. The sprouts grow for several years until they are again infected by
C. parasitica and die back. Each cycle—resprout followed by fungus infection and dieback—weakens the
tree until it eventually dies (Griffin, 2000). Sprouts rarely reach reproductive maturity and seeds are seldom
produced (Paillet, 2002). Thus, the American chestnut persists mainly as a multistemmed shrub with only
a few large chestnut trees remaining, often at the periphery of the tree’s range, presumably as “escapes”
(i.e., trees that have not yet been exposed to the pathogen).

The loss of the American chestnut was devastating for rural communities that depended on the tree
for food, livestock feed, and timber (Youngs, 2000; Freinkel, 2009). Equally devastating were the changes
to the forest ecosystem due to the loss of a foundational species (Freinkel, 2009).

Other nonnative Casfanea species have been planted in urban environments or as orchard trees for
commercial production of chestnuts, but they do not fill the same ecological niche as the American chestnut.
Chinese chestnut (C. mollissima) and Japanese chestnut (C. crenata) are typically small trees, lacking the
fast growth and tall form of American chestnut. The European chestnut (C. safiva) has a growth and form
somewhat similar to American chestnut as compared to the Asian species, but the European chestnut trees
growing in North America are susceptible to the same discases as the American chestnut and are not as
frost tolerant. The Asian species usually do not live as long as American chestnut. In a forest setting, the
other Castanea species are not competitive; they do not grow tall enough or fast enough to compete for
light against the native American chestnut or other native tree species (Wu and Raven, 1999; Fei et al.,
2012). The American chestnut has lost the role it once had as a foundational species that influenced other
species and ecosystem processes.

FIGURE 2-6 Dead American chestnut trees in Chattahoochee National Forest, 1930. PHOTO CREDIT: U.S. Forest
Service.
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As with many trees, the American chestnut faces more than one threat. In southern Appalachia, the
introduced oomycete Phytophthora cinnamomi causes black lesions on the roots, eventually killing the tree
by killing the root system (Crandall et al., 1945). Trials of restoration plantings in this region reveal that P.
cinnamomi persists in the soil long after the mature chestnuts die and kills the majority of planted chestnut
seedlings within a few months (Rhoades et al., 2003). Asian chestnut gall wasp (Dryocosmus kuriphilus),
accidentally imported on Asian chestnut cuttings in 1974 (Payne et al., 1976), attacks both Asian and Amer-
ican chestnuts. The galls suppress shoot growth and nut development.

American chestnut is the committee’s only case study of a species that has essentially been lost
throughout its native range as of 2018. Oaks and maples have filled in for this species over much of the
range and maintained some of the forest functions (Keever, 1953; Woods and Shanks, 1959; McCormick
and Platt, 1980). Although acorns have replaced chestnuts as mast sources to some extent, oaks have epi-
sodic mast years, unlike the consistent, substantial annual mast produced by the American chestnut and
chestnut’s relatives, the chinquapins (Castenea pumila and C. ozarkensis). Population dynamics of species
dependent on the nuts were likely affected, with cascading food web impacts. At least five moth species
obligate on chestnuts have gone extinct (Opler, 1978; Wagner and Van Driesche, 2010). Economies and
cultures of human communities originally reliant on American chestnut products were also altered (Davis,
2006); chestnut has been identified as a cultural keystone species (sensu Garibaldi and Turner, 2004).

Whitebark Pine (Pinus albicaulis)

Whitebark pine is a high-elevation tree of the western United States and Canada (see Figure 2-7). It
spans over 18° latitude and 21° longitude, but within that area it establishes only within a narrow elevational
distribution extending from the subalpine to treeline (Tomback et al., 2016). The tree exhibits high pheno-
typic plasticity (i.¢., an ability to grow in different forms in response to its environment). In open stands, it
grows as a large wide-crowned tree, whereas in dense stands it takes a linear form similar to lodgepole pine.
On harsh windswept ridges, it forms krummholz—dwarfed, gnarled trees that seldom reach more than 1-2
meters in height, even when hundreds of years old. In the subalpine, it sometimes grows in mixed stands,
often with subalpine fir, Engelmann spruce, and lodgepole pine. In the upper extent of the subalpine and at
treeline, whitebark pine is typically the only tree present (Tomback et al., 2016). It is a long-lived tree,
sometimes reaching ages of 1,000 years or more (Perkins and Swetnam, 1996). It grows slowly and typi-
cally does not begin to reproduce until at least 20-30 years of age and not fully until 60 or more years
(McCaughey and Tomback, 2001).

Whitebark pine is considered to be both a keystone and a foundational species. As a keystone, its
presence sustains the biodiversity and function of the community of which it is part. As a foundational
species, it is responsible for creating the conditions that allow the community to assemble in the first place
(Tomback et al., 2016). At the upper limits of its elevational range, whitebark pine establishes in areas too
harsh to support other tree species {Weaver and Dale, 1974; Tomback and Linhart, 1990). In these places,
whitebark pines provide shelter and contribute to soil development, allowing other plant species to establish
(Arno and Hoff, 1990; Callaway, 1998). “Life islands” of shrubby vegetation often develop at the base of
these trees, providing food and nesting habitat for birds and small mammals and stabilizing rocky slopes.
Cover provided by the trees regulates snowmelt, retaining water in the subalpine for longer into the spring
and supporting flows in mid and low elevations for an extended period into the summer (Farnes, 1990).

The tree is threatened by several factors including human-induced changes in fire regimes (suppres-
sion), an introduced fungal pathogen (Cronartium ribicola, the causal agent of a disease called white pine
blister rust), a native bark beetle (the mountain pine beetle, Dendroctonus ponderosae), and climate change
(increased drought). Individually, each threat is serious. These factors also interact, exacerbating the rate
and degree of decline. Together, these threats pose an extremely complex problem for the conservation and
restoration of this tree.
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FIGURE 2-7 Whitebark pine as predominant component of high-¢levation forest in southern Oregon, Umpqua
National Forest (left) and Crater Lake National Park (center and right). PHOTO CREDIT: R. Sniezko.

Over half of all whitebark pine in the northern United States and Canada are already dead. In some
areas, only about 2 percent of mature (reproductive) trees remain (Kendall and Keane, 2001; Zeglen, 2002;
Smith et al., 2008). Seeds are dispersed by birds in the jay family, specifically Clark’s nutcrackers (Vu-
cifraga columbiana), that open the cones and cache the seeds for later use. Seeds in unretrieved caches
germinate to produce new whitebark pines. In areas where few mature trees remain, foraging becomes
inefficient and the nutcrackers reduce visitation to these sites, thus lowering the potential for regeneration
(McKinney and Tomback, 2007; McKinney et al., 2009; Barringer et al., 2012).

Mortality has been most severe in the central and northern Rocky Mountains, and in the coastal moun-
tain ranges, whereas southern populations remain fairly robust due primarily to a lack of rust and beetle
activity as of 2018. Canada listed whitebark pine as endangered in 2010 (COSEWIC, 2010). The tree’s
status in the United States is “recommended for listing, but precluded” (USFWS, 2011). Preclusion, in this
case, is based on a lack of funding and its lower priority for recovery relative to several other species. As
of 2018, the tree’s status under the Endangered Species Act was under re-review, with a decision slated for
2019.

North American Ash (Fraxinus spp.)

There are 16 ash species native to North America, of which green ash (Fraxinus pennsylvanica) and
white ash (¥. americana) are the most widely distributed. The native range of green ash includes the Eastern
Temperate, Great Plains, and Northern Forests ecoregions in North America (see Figure 2-8; CEC, 1997;
Omernik, 1995, 2004; Omernik and Griffith, 2014). Although green ash grows abundantly in riparian zones
in mesic temperate forests, it can persist in upland forests and seasonally dry urban environments through-
out the eastern and central United States. In the Great Plains ecoregion in the western part of the range,
green ash can be locally abundant in riparian zones or along ephemeral streams (Rumble and Gobeille,
1998; Lesica, 2009). Although this species occupies only 1-4% of the landscape in this region, green ash
woodlands support a disproportionately large component of biological diversity, including migratory song-
birds, gallinaceous birds, and native ungulates (Boldt et al., 1979; MacCracken and Uresk, 1984; Hodorff
and Sieg, 1986; Rumble and Gobeille, 1998). Additionally, 43 native arthropod species are solely dependent
on green and white ash during some part of their life cycle, and 30 additional species have only 2-3 known
host plants, one of which is ash (Gandhi and Herms, 2010b) .

First detected in Detroit, Michigan, and Windsor, Ontario, in 2002, the emerald ash borer (EAB, Agri-
lus planipennis Fairmaire (Coleoptera: Buprestidae)) poses an acute threat to all of the native ash species
in North America (Herms and McCullough, 2014). The International Union for Conservation of Nature
Red List of Threatened Species lists five North American ash species—green ash, white ash, black ash (.
nigra), pumpkin ash (¥. profunda), and blue ash (F. quadrangulata)—as critically endangered due to nearly
100-percent mortality following attack, limited ability to regenerate under repeated attack, and rapid spread
of the insect, largely through unintentional human agency. EAB, native to Asia, had spread to 31 states and
3 Canadian provinces as of May 2018 (see Figure 2-8).
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F permsylvenica Range
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FIGURE 2-8 Range of green ash (Fraxinus pennsylvanica) and extent of emerald ash borer invasion as of May 17,
2018. NOTE: Planting and establishment of green ash outside the native range results in emerald ash borer infestation
beyond the native range of F. pennsyivanica. SOURCES: Data from emerald ash borer information network
http://www.emeraldashborer.info/index.php. Figure by Devin Shirley.

The insect kills 99-100 percent of green ash trees in forest stands within 7 years of first detection (see
Figure 2-94) and kills urban green ash plantings as fast or faster, due to the extensive use of grafted green
ash cultivars (Rebek et al., 2008; Smitley et al., 2008; Knight et al., 2012). Females oviposit in bark cracks
and crevices, laying 60-80 eggs. Larvae hatch in a few weeks, feed voraciously on the phloem and other
living tissues under the bark and complete four instars before overwintering as prepupae (Cappaert et al.,
2005). Pupation occurs in the spring and adults emerge starting in mid-May and continuing throughout the
summer (Poland et al., 2011). EAB feeding destroys the vasculature and the tissue that forms new vessels
and bark, ultimately girdling the main stem and thus killing the host (see Figure 2-98).

Green ash, as well as the other ash species listed as critically endangered, has some capacity to regen-
erate from root and stump sprouts even after EAB infestation (Kashian, 2016). However, EAB also kills
these resprouts, removing any mechanism for regeneration via vegetative propagation. Ash seedlings may
be initially abundant after extensive mortality among adult trees (Kashian and Witter, 2011), giving the
impression that ash will recover. However, when these seedlings reach 2-3 ¢m in stem diameter, EAB
infestation again inflicts high mortality. Ash does not have a persistent seedbank, so once mature trees are
killed, it is nearly impossible for the species to reestablish itself.
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B
FIGURE 2-9 Ash tree mortality from emerald ash borer (EAB) damage. (4) Ash trees killed by EAB. (B) Galleries

in ash tree’s phloem caused by EAB larval feeding. PHOTO CREDITS: (4) R. Papps; (B) https://www.istockphoto.
com/photo/dead-tree-trunk-showing-tracks-of-emerald-ash-borer-larvae-gm936680918-256245154.

The near synchronous loss of green ash has had a cascade of negative impacts, including the rapid
loss of naturally occurring riparian forests, which are composed mainly of green or black ash (Gandhi and
Herms, 2010a,b; Hausman et al., 2010; Kovacs et al., 2010; Knight et al., 2013), billions of dollars in tree
removal cost to local governments, and the loss of a valuable utility hardwood used for cabinets, furniture,
tool handles, restoration of antique cars, wooden snowshoes, guitars, and baseball bats. Five or more hawk
moth species that specialize on Fraxinus are hypothesized to be at risk from the loss of ash to EAB (Wagner
and Van Driesche, 2010). Thus, without effective and timely intervention, the EAB invasion threatens two
of the most widely distributed hardwood species in the riparian forests of eastern North America and the
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most extensively used group of tree species for soil conservation, rural water management, urban green
spaces, and utility woodworking as well as the species that depend on Fraxinus. 1t also threatens to continue
its spread west, where it will likely kill western species of ash that have so far been unaffected.

Poplar (Populus spp.)

This case study presents an example of an incipient invasion of a pathogen native to forest ecosystems
in eastern North America that poses a threat to an ecologically important native tree group in western North
America as well as to a sector of the forest products industry. There are eight native species of Populus in
North America and multiple hybrids (Cooke and Rood, 2007), but the focus of the case study is on three
species: black cottonwood (P. trichocarpa), the closely related balsam poplar (P. balsamifera), and wide-
spread eastern cottonwood (P. deltoides) (see Figure 2-5). These species are model organisms for basic
research, so in some ways this tree species may represent a best-case scenario for the potential of biotech-
nology to prevent or mitigate a forest health crisis.

In open environments, black cottonwood is a dominant native tree in lowland riparian ecosystems in
Oregon, Washington, and British Columbia (Franklin and Dyrmess, 1973), where it plays essential roles in
stream ecology (Pastor et al., 2014) and as habitat for birds and mammals (Kauffman and Krueger, 1984;
Isaacs et al., 1993, 1996; Bryce ¢t al., 2002). Black cottonwood populations typically become established
following deposition of sand and gravel following episodic floods, resulting in bands of even-aged cohorts
that line river floodplains (Braatme et al., 1996). The species produces abundant seeds with cotton-like
appendages that facilitate long-distance dispersal by wind and water (Slavov et al., 2010; DiFazio et al.,
2012) and enable deposition on newly created substrates following recession of floodwaters. It also spreads
vegetatively by root sprouts or abscised branches, leading to the development of large clonal stands in some
locations (Gom and Rood, 1999; Slavov et al., 2010). As a result, this species is critical for floodplain soil
stabilization and provides habitat for other species. Black cottonwood populations have shown evidence of
decline in recent decades, in part because of a loss of establishment opportunities due to flood control
(Dykaar and Wigington, 2000; Braatne et al., 2007). However, extensive gallery forests of this species are
still a prominent and valued component of the landscape in the Pacific Northwest.

In research, the genus Populus is widely recognized as a model for woody tree biology (Taylor, 2002;
Jansson and Douglas, 2007). The genus has several desirable experimental characteristics, including a small
genome (Tuskan et al.,, 2006), easy vegetative propagation via stem cuttings and tissue culture, ability to
hybridize (Induri et al., 2012), and short generation time (Stanton et al., 2010). These features have made
Populus an attractive model for applied studies focused on enhancing productivity in intensive plantation
settings for pulp, biofuel, and solid wood (Dickmann, and Kuzovkina, 2014). Populus spp. have also been
a primary target of basic research in the areas of physiology, ecology, and evolutionary biology. Conse-
quently, abundant genetic and genomic resources are available for this genus (Tuskan et al., 2006; Evans
et al., 2014; Zinkgraf et al., 2016; Fahrenkrog et al., 2017).

The fungal pathogen Sphaerulina musiva (synonym, Sepforia musiva) is native to castern North
America, with a historical distribution that largely mirrors that of its primary natural host, eastern cotton-
wood. The pathogen causes blotches and stem cankers in P. deltoides, P. balsamifera, P. trichocarpa, and
hybrid Populus cultivars in North America (see Figure 2-10). The disease initially occurred primarily in
natural populations of P. delfoides in the east, where it was mostly manifested as leaf spots (Waterman,
1954). However, it has since spread from eastern forests to intensively cultivated eastern plantations of
native and hybrid poplars, where it commonly causes stem and branch cankers, often leading to breakage
of the main stem and death of the tree (Ostry and McNabb, 1985; Dunnell et al., 2016). In the most detailed
published survey of a large-scale outbreak, Strobl and Fraser (1989) documented occurrence of S. musiva
canker in intensively cultivated hybrid poplar in Ontario. Within 5 years of the establishment of susceptible
hybrid clones in the region, over 150 hectares (370 acres) of plantations were affected by the disease, and
79 percent of the area planted with susceptible clones had disease outbreaks (Strobl and Fraser, 1989). This
disease can clearly have rapid and devastating impacts on intensive plantations of susceptible varieties
(Feauetal., 2010).
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FIGURE 2-10 Sphaerulina musiva canker on Populus. PHOTO CREDIT: S. Simon.

Of even greater concern are reports of stem cankers caused by S. musiva in natural populations of
black cottonwood in Pacific Northwest forests, where the discase 1s not native and was unknown until 2006
(Callan et al., 2007; Herath et al., 2016). Both P. trichocarpa and P. balsamifera show high susceptibility
to this disease (LeBoldus et al., 2013; Herath et al., 2016), so the threat of a large-scale outbreak has caused
substantial concern among scientists, members of the forest industry, land managers, and the public (Feau
etal., 2010). Black cottonwood may be particularly vulnerable to an outbreak of this disease. In the core of
its range along rivers of northwestern North America, black cottonwood often occurs in dense, even-aged
stands in climates and microsites that are characterized by abundant moisture (DiFazio et al., 2011), which
could facilitate spread of the disease. Furthermore, P. frichocarpa populations are already in decline due to
flood control and habitat loss (Rood and Mahoney, 1990; Dykaar and Wigington, 2000), so a disease out-
break could be particularly problematic for the long-term viability of the species.

Effects on Forest Health and Ecosystem Services

The case studies are not isolated examples of species in decline. Rather, given the rate of introductions
of nonnative insect pests and pathogens and the effects of climate change on distribution and abundance of
native insects and pathogens, their trajectory is likely to become the norm in North American forests. The
frequency and magnitude of outbreaks and the rate of tree mortality are likely to increase. These impacts
will have significant effects on forest health and ecosystem services (Dukes et al., 2009; Millar and Ste-
phenson, 2015; Lovett et al., 2016; Liebhold et al., 2017). As outlined above, ecosystem services are gen-
erally defined as the direct and indirect contributions of ecosystems to human well-being (Braat and de
Groot, 2012; see also the discussion in Chapter 5).

The most immediate effects of increased insect and pathogen activity (native and introduced) on forest
health are reductions in productivity and alterations of nutrient, carbon, and water cycles (Lovett et al,,
2006). In the case of extended or severe tree mortality, as in the American chestnut, substantial losses of
other forest species and some ecosystem services can be expected.
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The impact of increased insect pest and pathogen activity on ecosystem services is strongly linked to
the proportion of the canopy affected. Increases in the effects of host-specific insects and pathogens that
target dominant and keystone tree species will likely result in the most severe and long-term impacts
(Ellison et al., 2005a). For example, eastern hemlock (7suga canadensis) dominates forest stands in its
northern range and moist coves in the south. Loss of the hemlock due to the nonnative hemlock wooly
adelgid (Adelges tsugae) has caused the loss of several wildlife species associated with hemlock (Tingley
etal., 2002; Ellison et al., 2005b), affected soil processes (Jenkins et al., 1999), and changed local hydraulic
flow (Ellison et al., 2005a). These impacts may occur even where other tree species rapidly colonize arcas
once occupied by hemlock (Orwig et al., 2002), as the ecosystem services provided by one species may
differ from those provided by others. For example, in the Southern Appalachians, the effects of hemlock
trees on stream flow and temperature sustain unique communities of salamanders, fish, and other stream
invertebrate species (Snyder et al., 2002) that will be lost without hemlocks.

In areas of low tree diversity, outbreaks of insect pests and pathogens can have devastating conse-
quences for regulating and supporting services, as a large proportion of the canopy can be affected with no
replacement species naturally recolonizing afterward. This is the case with whitebark pine. The ecological
void created by the loss of whitebark pine (see case study above) will be vast because this species supplies
numerous resources, including shelter and food to wildlife species, water regulation through snowpack
retention, and soil development, which facilitates the establishment of other plant species (Arno and Hoff,
1990; Farnes, 1990; Callaway, 1998).

Intrinsic properties of the ecosystem may mediate the magnitude of the loss of ecosystem services.
High-diversity forests are home to more introduced insect pests and pathogens (Liebhold et al., 2013), but
the loss of one tree species in these areas may be compensated by other species. For example, even though
white ash (Fraxinus americana) is a conspicuous species in eastern North American forests, it does not
dominate these stands (Prasad et al., 2007-ongoing). As of 2018, EAB was causing the death of most adult
white ash trees across large areas. However, the void left by the death of ash trees is rapidly being filled by
other trec species, such as maples (Margulies et al., 2017). Maples likely supply some of the ecosystem
services provided by ash but may not support the biodiversity reflective of an uninvaded forest. The same
was true for the eastern forest when American chestnut declined; the replacement species produce neither
the mast, timber, stature, nor the cultural or spiritual values of the original forest (Davis, 2006). Addition-
ally, while replacement species offer at least a temporary mitigation of some impacts, the continual influx
of nonnative insects and pathogens could subject the replacement species themselves to impacts in the
future, a factor to consider when deciding whether to try to restore species in jeopardy of extirpation.

However, even if impacts can be mostly mitigated by replacement tree species, the costs can still be
substantial. Shortly after EAB was found in the United States, the Forest Service projected the lost timber
value from ash trees in forested lands could be close to $280 billion (Nowak et al., 2003). Additionally, the
anticipated cost of losing these species in urban settings was estimated to be between $20 billion and $60
billion (USDA-APHIS, 2003) due to loss of property value and cost of removal. Using this subset of eco-
system values, the emerald ash borer is the most economically devastating invasive insect pest in North
American history (Herms and McCullough, 2014).

The effects of insect pests and pathogens on individual trees have cascading impacts on populations,
reducing reproduction and survival. In the most extreme cases, local extirpation of the tree species and
extinction or extirpation of species dependent on the tree may result (e.g., the already mentioned extinction
of five moth species with the loss of the American chestnut (Opler, 1978; Wagner and Van Driesche, 2010).
Such species-specific effects can then translate into changes in community assemblage and structure, and
thus, ecosystem functionality. The loss of whitebark pine may reduce the complexity and function of high-
elevation ecosystems in the west and contribute to the decline of grizzlies and other wildlife as well as
ecosystem services related to water and sediment regulation. The loss of ash trees affects not only natural
communities; loss of ¢ity trees has had a large effect on property values (Aukema et al., 2011). The decline
of black cottonwood in the West would adversely affect riparian habitats.
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CONCLUSIONS

Based on its evaluation of the scientific literature and the information it gathered from invited speak-
ers, the committee defined forest health as a condition that sustains the structure, composition, processes,
function, productivity, and resilience of forest ecosystems over time and space. An assessment of this con-
dition is based on the current state of knowledge and can be influenced by human needs, cultural values,
and land management objectives. North American forests are struggling to maintain healthy conditions
because of increasing stresses, on to which outbreaks of introduced insects and pathogens and the geo-
graphic expansion of native pests due to climate change are layered. While impossible to fully isolate, the
direct adverse effects of pests on forest health have significant impacts on the ecosystem services that for-
ests provide.

Conclusion: Healthy forests provide valuable ecosystem services to humans.

The ecological processes performed by forests and the cultural and aesthetic values attached to forests
are important to individuals and to society. Forests provide food and habitat for pollinators, fish, wildlife,
and other organisms, as well as food, fuel, and products for humans.

Conclusion: The health of North American forests is threatened by the introduction and spread of
nonnative insects and pathogens and the epidemics of native pests exacerbated by environmental
stress due to climate change.

At least 62 insect species and 16 pathogens that cause tree mortality, canopy thinning, growth loss,
defoliation, or decreased reproduction or regeneration have been introduced to North America. Some of
these introductions have had devastating consequences in North American forests. Increases in human mo-
bility and trade are likely to lead to more such introductions. Climate change is opening new opportunities
for colonization by both native and introduced insect species and affecting the frequency and magnitude of
outbreaks of both native and introduced pests. Outbreaks are predicted to increase in frequency and mag-
nitude in the future.

Conclusion: Tree species in forest ecosystems, tree plantations, and urban landscapes across North
America are threatened by insect pests and pathogens.

The four case study species selected by the committee—American chestnut (Castanea dentata),
whitebark pine (Pinus albicaulis), ash (Fraxinus spp.), and poplar (Populus spp.)—serve as examples of
diverse ecosystems and habitats that are experiencing adverse impacts from tree mortality caused by insect
pests and pathogens. The American chestnut was a foundation species because of its strong influence on
ecosystem structure and function and an economic resource for communities before its extirpation. White-
bark pine creates and sustains community biodiversity at high elevations. Ash woodlands support biodiver-
sity and provide benefits to humans as a popular urban landscape tree. Black cottonwood stabilizes stream-
banks and provides habitat for birds and mammals; poplars are also model trees for research and an
important resource for production of pulp, biofuel, and solid wood.

Conclusion: Many forest tree species are threatened by more than one insect pest or pathogen.

American chestnut, whitebark pine, ash, and poplar are just four examples of North American tree
species that have been or are in danger of being extirpated. They are subject to one or more pest threats,
and whitebark pine, in particular, is losing habitat to climate change. The number of (see Table 2-1) and
trend in (Figure 2-2) introduced threats and the geographic expanse of all pest threats represented by the
four case study species (Figure 2-5) suggest that native trees throughout North America are in danger of or
may become subject to pest outbreaks that adversely affect forest health.
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Conclusion: As the frequency of insect and pathogen outbreaks increases, many forest tree species
are in jeopardy of being lost from the landscape, resulting in changes to ecosystem services.

The growth in global trade, the increase in human mobility, and the warming of the climate are all
contributing to the increased pest pressure that forests now face. The magnitude of pest outbreaks may
permanently change the structure, composition, processes, function, productivity, and resilience of forest
ecosystems. As tree species are lost from the landscape, the species obligate to those trees will be lost as
well.
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3

Mitigating Threats to Forest Health

There are multiple options for dealing with forest insect pests and pathogens, but feasibility and suc-
cess vary widely. To assess the unique challenges and opportunities that a biotech tree may present as a
tool for addressing forest health, it is important to understand the other options available. Given the spatial
and temporal nature of forest health threats from insect pests and pathogens, it is also likely that a combi-
nation of approaches might be needed to ensure proper management of an infestation. The most cost-effec-
tive approach for protecting forest health from nonnative insect pests and pathogens (Finnoff et al., 2007)
is to prevent introduction, followed by early eradication after arrival (Liebhold et al., 2016). Once estab-
lished, the impact and cost of dealing with the infestation rapidly increase (Roy et al., 2014). Given that
human mobility and trade volumes—major drivers of pest introductions—are likely to continue to rise, the
enforcement and enhancement of preventive measures will become even more critical (Lovett et al., 2016).
Even where prevention or eradication has been successful, forests will remain vulnerable to repeated intro-
ductions of the same nonnative insect pests and pathogens over time.

Once established and spreading in forests, whether pests are native or nonnative, multiple manage-
ment options may exist. Management can focus on trying to minimize the damage and mortality to the
forests (including the large, old-growth trees), on actively preparing to regenerate or restore a species, or
on both strategies. If the impacts are not severe enough to alter the species’ ecological footprint or manage-
ment actions appear unrealistic or undesirable, managers may decide that taking no action is the best alter-
native. However, if the decision is to take action, the focus turns to early detection and response, contain-
ment, and long-term management to restrict further expansion and impact (Liebhold et al., 2017).
Management options include biological control and integrated pest management, and various forms of site
management (e.g., pesticide use, containment, fire, thinning) (Liebhold et al., 2017). When outbreaks of
insect pests and diseases affect only one or a few tree species, the larger impact of such pests is directly
related to the dominance of the host species. Thus, maintaining high levels of diversity may be an effective
management approach to minimize impact. In low-diversity forests, other approaches may be more im-
portant.

In many of the most extreme cases, because of the high susceptibility of native tree species to some
nonnative insects and pathogens with substantial dispersal potential, it will not be possible to prevent ex-
tremely high mortality in the affected tree species. Once an insect or pathogen is established, there are a
number of key management tools that might be considered to retain the presence of the tree species in North
American forests into the future. These include (1) the enhancement of genetic resistance, (2) the develop-
ment and use of biocontrol agents, (3) the development and use of chemical control methods, and (4) man-
agement practices to prevent or decrease the infestation. The enhancement and use of genetic resistance can
proceed through the development and deployment of selective-resistance breeding within either the native
species or from closely related nonnative species or the development and deployment of resistance using
biotechnology.

The effectiveness of these varied approaches to prevent and manage insect pests and pathogens varies
across systems and infestations (Lovett et al., 2016). The time line for use of these tools in management
activities for forest trees and forest health will depend on a number of factors, but the biology of the species
mvolved (both tree and insect or pathogen) and the environments in which the tree species exist will have
a major influence. Insecticides and fungicides are often used in attempts to preserve existing forest stands
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or to protect large individual trees in urban settings. They are usually expensive, may have negative envi-
ronmental impacts, and in some cases provide only a stopgap measure to give time to consider or develop
other alternatives or the hope that future environmental conditions become less conducive for the damaging
insect or pathogen. The same can often be said of many biological control agents. This chapter provides an
overview of the different approaches and the approximate time required for implementation. The case study
species are featured to illustrate the differences between species and considerations of the merits of different
approaches.

PREVENTING INTRODUCTIONS

Preventing the introduction of insect pests and pathogens yields the largest ecological and economic
benefits (see Figure 3-1; e.g., Mack et al., 2000; GAO, 2015). International trade agreements include clauses
aimed at reducing these introductions (Burgiel et al., 2006). These are being implemented by the Animal
and Plant Health Inspection Service (APHIS) of the U.S. Department of Agriculture (USDA) and include
quarantine, interception (e.g., inspection, decontamination), and pre-border treatments (e.g., fumigation,
immersion, spraying, irradiation, extreme temperatures) at the point of origin and during shipment (Haack
etal., 2014; Leung et al., 2014).

The International Standards for Phytosanitary Measures Protocol 15 (ISPM-15) were developed under
the International Plant Protection Convention to reduce the movement of wood-boring insects in pallets and
other wooden shipping materials (Haack et al., 2014). Wood borers are among the most serious of insect
pest invaders: 58 species of wood borers became established in the United States between 1909 and 2008
(Leung et al., 2014). The approved methods for wood treatment in the United States include heat treatment
(conventional and dielectric) and fumigation with methyl bromide. An economic analysis by Leung et al.
(2014) concluded that implementation of ISPM-15, though expensive and not fully effective, would save
the United States more than $11 billion by 2050 in avoided impacts. These pre-border efforts are often
coupled with the post-border protection efforts of inspection, quarantine, and treatment of imported mate-
rials that facilitate interception of insect pests and pathogens prior to their potential escape.

Area infostod v
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Time vl
introduction

FIGURE 3-1 Stages through time of the typical process, extent of infestation, and control costs associated with the
introduction of insect pests and pathogens. SOURCE: Adapted from GAO, 2015.
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EARLY DETECTION AND RAPID RESPONSE

Early detection and response programs are essential to prevent the spread of introduced insect pests
and pathogens, although these practices may not be effective against microscopic species (i.e., most patho-
gens) (Liebhold et al., 2016). In addition, public awareness through educational programs may be instru-
mental in minimizing the entry of harmful organisms and their early detection.

Surveillance methods to facilitate early detection can include deployment of pheromone and other
traps, monitoring of sentinel trees or vulnerable sites, and solicitation of reported sightings (Kalaris et al.,
2014). Spatial modeling of locations of highest risk of invasion (Venette et al., 2010) can guide deployment
of early detection efforts. Liebhold et al. (2016) reviewed both the uses of and methods for surveillance,
ranging from baseline early detection to infestation delimitation, to verify the success of an eradication
effort.

Eradication

Eradication (see Figure 3-1) is dependent on effective early detection efforts because eradication is
more successful when introduced populations cover small areas (Liebhold et al., 2016). Success is also
dependent on the detectability of the insect pest involved and whether species-specific control tools are
available (Tobin et al., 2014). Chemical traps, mating disruption (e.g., releasing sterile insects), and insec-
ticide fumigations can be used to eradicate small populations of insect pests. For example, pheromone traps
have been deployed at the advancing front of the introduced gypsy moth (Lymantria dispar) for early de-
tection of spreading populations that can then be treated (Sharov et al., 2002). For pathogens, mechanical
removal of the infected host may be the only viable practice, given that detection of the pathogen may not
be feasible before infestation. Overall, eradication can either remove or contain the threat or delay the spread
of the insect pest or pathogen while more effective management methods are developed (Liebhold et al.,
2017).

Although the ability to eradicate pests has improved over time (Liebhold et al., 2016), many attempts
have been unsuccessful. For example, eradication of white pine blister rust (Cronartium ribicola) to protect
species of five-needle pine was a multimillion-dollar effort extending over more than 50 years in the 20th
century. The principal approach was through removal of Ribes species (e.g., currants and goosebetries), the
alternative host for the pathogen to complete its life cycle. However, this effort is regarded as a failure in
the western United States (Maloy, 1997). As of 2018, it is generally acknowledged that white pine blister
rust will have a permanent presence in North America. Emerald ash borer, first detected in Michigan in
2002, was found in Ohio and Maryland in 2005, indicating that eradication efforts were not effective. At-
tempts at eradicating the emerald ash borer were unsuccessful in part because of unintentional long-distance
dispersal in nursery stock, movement via infested firewood and vehicles, the long-distance dispersal ability
of the insect, the difficulty in detecting the early stages of infestation, the absence of a long-range sex or
aggregation pheromone, and the lack of a suitable attractant for mating disruption (Mercader et al., 2011,
2016; McCullough and Mercader, 2012). In other instances, eradication efforts have been constrained by
negative public reactions to the methods used, such as removal of potential host trees, release of irradiated
insects, or broad spraying of a pesticide (Liebhold et al., 2016). Further review of this literature can be
found in Liebhold et al. (2016).

CONTAINMENT AND LONG-TERM MANAGEMENT

When eradication of a nonnative is not possible or the spread of a native or established nonnative pest
is inevitable, a variety of management options may be pursued. One option 1s to take no action. Although
the option to take no action often is the de facto outcome because the discovery of a new introduction
or recognition of increasing impacts of a species already present lags the infestation of hosts (Liebhold et
al., 2017), the committee defines “no action” as a deliberate management decision that is weighed against
other options. Options to minimize the effects of insect pests and pathogens include (1) biological control,
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(2) site management practices (including applying the types of chemical, host removal, and sterile insect
techniques also used for eradication), and (3) enhancement of genetic resistance through selective breeding,
hybridization, or biotechnology. These options may be implemented independently or in combination.

No Action

The decision to take no action may result from a determination that the insect pest or pathogen is
unlikely to have significant (further) impacts on individual species or forest health, a lack of resources, or
an inability to identify an effective action to take. This last reason would likely inspire further research if
significant impacts are anticipated. The decision to take no action recognizes that vulnerable tree species
may decline or be lost entirely, with potential cascading impacts on other species and ecosystem services.
The ecological effects will depend on the role of the tree species in the environment, whether replacement
species fill similar niches, and whether replacement species are themselves later subject to pest outbreaks.
The no-action decision may be made at the time that the host tree is threatened or when restoration (e.g.,
via breeding or breeding in combination with a biotechnology approach) is considered.

Biological Control and Integrated Pest Management

Biological control is the intentional introduction or application of populations of natural enemies or
competitors to control insect pest species (Kenis et al., 2017). Two types of biological control have been
effective against introduced insects. The insect pest itself can be manipulated to reduce population growth
(e.g., release of sterile males to suppress population growth by competing with fertile males). Alternatively,
if the lack of natural enemies (i.e., enemy release) in the new range is the major driver of the outbreak,
specialist natural enemies can sometimes be identified in the indigenous range of the introduced insect pest
species and released into the area of invasion (Liebhold et al., 2017).

Biological control can be non-self-sustaining, such as when large numbers of sterile males of the
insect pests are released, inundating the population sufficiently to dominate breeding, thus reducing the
growth of a pest population. In this case, the released organisms are not self-sustaining in the environment,
so this approach requires release whenever population control is necessary.

Self-sustaining biological control methods include introduction or augmentation of natural enemies
that reproduce and are maintained in that location without successive applications. For North American
trees, these include control of species such as the winter moth (Operophtera brumata) and the larch case
bearer (Coleophora laricella) with parasitoid insects introduced from overseas or from another region of
the North American continent (Wainhouse, 2005; Kenis et al., 2017). Management practices that favor
native predators of the insect pests (conservation biological control), such as providing shelter and alterna-
tive food sources for those species, are also common strategies to minimize the likelihood of damage from
insect pests (Tscharntke et al., 2007). Overall, a review of biological control in the United States concluded
that establishment of biological control agents targeting insect pests of trees has been more successful than
those targeting pests of herbaceous species (Kenis et al., 2017); still, the success of these programs can be
quite variable (see Box 3-1). Both Liebhold et al. (2017) and Kenis et al. (2017) provide reviews of biolog-
ical control efforts to reduce the impacts of insect pests on trees.

Hypovirulence is a biological control strategy for mitigating or suppressing the effects of some fungal
pathogens. Some viruses can infect pathogenic fungi, reducing their ability to infect, colonize, kill, and
reproduce on susceptible hosts (Boland, 2004). If these viruses are spread in the area infested with a prob-
lematic pathogen, in some instances they may reduce the virulence of the pathogen of interest. Success with
this strategy has been demonstrated in Europe on strains of Dutch elm disease (Boland, 2004) and